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DELINEATION OF NEW MECHANISMS OF DNA DOUBLE
STRAND BREAK REPAIR
Songli Zhu, Ph.D.
University of Nebraska Medical Center, 2018
Supervisor: Aimin Peng, Ph.D.
DNA damage is frequently induced in cells by both endogenous and exogenous
agents. DNA damage, particular double strand breaks (DSBs) may lead to genomic
instability, and the progression of cancer, aging, neurodegeneration, and other human
diseases. The cell employs two major DSB repair pathways, including homologous
recombination (HR) and Non-homologous end joining (NHEJ), but the detailed
mechanisms of DSB repair remain to be further revealed.
In the first part of this study, we characterized a plasmid-based assay to
investigate NHEJ repair in Xenopus egg extracts. Our data argued for a preference for
the precise repair by the NHEJ machinery and also highlighted the variable nature of
end processing that is rigorously in line with the structure of DSB ends.
In the second part of this study, we identiﬁed that several phosphatase subunits,
including protein phosphatase 1 (PP1) and phosphatase 1 nuclear targeting subunit
(PNUTS), were associated with DSBs in vitro and in vivo. Especially, we concluded that
PNUTS and PP1 fine-tune the dynamic phosphorylation of DNA-PKcs to mediate NHEJ
after DNA damage.
In the third part of the study, we characterized a new kinesin member, Kif2c, as a
new factor involved in DSB repair. Furthermore, our results indicated that Kif2c
facilitated DSB mobility and modulates DSB dynamics.

Collectively, these studies utilized comprehensive experimental approaches to
identify and characterize new factors and mechanisms involved in DSB repair.
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INTRODUCTION
Cellular Response to DSBs
DNA in cells is continually exposed to endogenous and exogenous agents.
These agents induce various forms of DNA damage ranging from mismatches
introduced by DNA replication, base adducts and cross-links generated by chemical
reagents, base damage induced by ultraviolet light (UV), to single- and double-strand
breaks produced by chemical reactions, or ionizing radiation (IR) (3) (Fig. 1). DNA
damage may lead to deleterious consequences, including the disruption of DNA
replication and transcription, and the induction in mutations and chromosomal
aberrations.
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Figure 1. DNA is continuously subject to damage due to a variety of endogenous and
exogenous factors. (Modified from http://sitn.hms.harvard.edu/flash/2012/issue130/)
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To protect the genome and pass their genetic information to daughter cells, all
organisms have developed mechanisms to maintain genomic integrity during evolution.
The DNA damage response (DDR) is a collection of signaling cascades that sense
various types of DNA damage spontaneously and orchestrate cellular responses
including DNA repair, cell cycle arrest and apoptosis in an appropriate and coordinated
way (4). An efficient DNA damage response (DDR) is important for the survival of the
cell and organism given that defects in DNA damage signaling or repair contribute to
aging and various disorders, including developmental defects, neurodegenerative
diseases, and cancer (5).
Among all types of DNA damage, the most deleterious genetics lesions are the
double-strand breaks (DSBs), which can be induced by a variety of means including
endogenous sources such as replication fork collapse, oxidative damage, and
exogenous sources like chemotherapeutic drugs, UV and IR (6-8). DSBs directly
threaten genomic integrity by disrupting the physical continuity of the chromosome (9),
whose misrepair can result in chromosomal aberrations such as translocations and
deletions, and lead to genomic instability and tumorigenesis (10,11). In addition,
inappropriate joining can generate interstitial deletions, inversions, and chromosome
translocations (9) (Fig. 2).
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Figure 2. Causes, cellular responses and consequences of DNA double-stranded
breaks.
Double-stranded breaks (DSBs) result not only from exogenous insults but also from cellular
processes and during certain specialized recombination reactions. Cells have evolved several
protective responses to counteract the harmful effects of DNA damage. Extensive DNA
damage can result in cell death, which can occur by different routes. Cells can enter a state of
irreversible growth arrest (replicative death), or they can trigger apoptosis, a highly regulated
process in multicellular organisms. An alternative protection mechanism is provided by the
combination of cell-cycle checkpoints and DNA-damage repair. After DNA damage, dividing
cells can activate cell-cycle checkpoints to arrest the cell cycle before replication of the
genome, during replication or before chromosome segregation into daughter cells. DNArepair pathways can restore the integrity of the DNA during cell-cycle arrest. The fidelity of
repair is of great importance to the fate of the cell. Inaccurate repair can lead to mutations
and/or chromosomal aberrations (genome instability) that can contribute to carcinogenesis.
(Modified from https://www.nature.com/articles/35056049#f1)
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To counter DSBs, mammalian cells activate the repair pathways and cell-cycle
checkpoints in order to allow adequate time for cells to repair their DNA. DSBs are
recognized by a number of sensors, including the Mre11-Rad50-Nbs1 (MRN) complex,
which processes and tethers DNA, and mediates the recruitment and activation of Ataxia
telangectasia mutated (ATM) (12). ATM activation leads to the rapid phosphorylation of
the histone variant H2A.X over a large adjacent chromatin region (extending up to 2 Mb
in mammalian cells), which facilitates the accumulation of DNA repair and checkpoint
proteins to the break site (13).In addition, other mediator proteins, such as Breast
Cancer 1 (BRCA1) (14), and p53-binding protein 1 (53BP1) (15), are recruited to the
break site. These proteins assist in determining the DSB repair mechanism choice (16)
(Fig. 3).
Eukaryotic organisms have developed two prominent pathways to mediate the
repair of DSBs, namely homologous recombination (HR) and non-homologous end
joining (NHEJ). HR guides the repair of the broken DNA strand with a homologous
template of DNA. It is believed that HR is primarily active during the S and G2 phases of
the cell cycle due to a homologous template is found on the sister chromatid. However,
NHEJ is active throughout the cell cycle mediating the direct re-ligation of the broken
DNA molecule without requiring a homologous template. Beyond these two major DSB
repair pathways, there is an alternative end joining pathway (Alt-NHEJ), also named
microhomology-mediated end joining (MMEJ). Alt-NHEJ is often associated with
deletions at the repair junction, and typically utilizes microhomologies distant from the
DSB to mediate the repair (17).
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Figure 3. Early steps of the DNA damage response.
DNA double-strand break is sensed by the MRE11–RAD50–NBS1 (MRN) complex, which
leads to activation and recruitment of ataxia telangiectasia mutated (ATM) kinase, and
phosphorylation of the histone variant H2A.X. Subsequently, a number of DNA damage
sensing proteins are recruited to the break site, such as mediator of DNA damage
checkpoint 1 (MDC1), and proteins involved in homologous recom bination (Breast Cancer 1
early onset; BRCA1) and non-homologous end joining (p53-binding protein 1; 53BP1).
(Modified from https://link.springer.com/article/10.1007%2Fs13311-013-0210-9)
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General Mechanism of NHEJ
NHEJ is a versatile pathway to mediate the direct re-ligation of a wide range of
DSBs (18-21). It is thought to proceed through following multiple steps: (1) recognition of
the DNA double-strand breaks. NHEJ is initiated by the sensing and binding of the DSB
by the Ku heterodimer consisting of the Ku70 and Ku80 subunits. (2) DNA end
processing if necessary. DNA dependent protein kinase (DNA-PK) recruits enzymes
including nuclease and polynucleotide kinase to process suitable end for ligation. (3)
Ligation of the broken ends. It is carried out by X-ray cross complementing protein 4
(XRCC4)-DNA ligase IV complex with the assistance of XRCC4-like factor (XLF) (Fig. 4).
NHEJ has been considered as error-prone because of the joining the two DSB
ends directly, which is however inaccurate in light of emerging evidence. Recent studies
pointed to the intrinsic precision of NHEJ by the following reasons: (1) the existence of a
highly error-prone alternative end-joining process; (2) the adaptability of NHEJ to
imperfect complementary ends; (3) the requirement to first process chemically
incompatible DNA ends that cannot be ligated directly (22). Therefore, NHEJ is
conservative but adaptable, and the accuracy of the repair is dictated by the structure of
the DNA ends rather than by the NHEJ machinery. However, further investigation is
required to shed light on the concept of NHEJ as a precise repair process.
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Figure 4. Double-stranded break repair by non-homologous end-joining.
After double-stranded break (DSB) formation, the KU–DNA-PKCS complex is probably
involved in the initial recognition of the DSB and in the juxtaposition of the DNA ends. b | The
ends might be processed, which results in the removal or addition of a few base pairs. c | This
is followed by end-to-end ligation by the DNA ligase IV–XRCC4 complex. The role of the
RAD50–MRE11–NBS1 complex is not yet clear. It might be involved in the unwinding and/or
nucleolytic processing of the ends. Non-homologous end-joining does not make use of a
template for repair and, therefore, this DSB-repair pathway is intrinsically error prone. (DNAPKCS, catalytic subunit DNA-dependent protein kinase; XRCC4, X-ray-repair-crosscomplementing defective repair in Chinese hamster mutant 4; MRE11, meiotic recombination
11; NBS1, Nijmegen breakage syndrome 1.) (Modified from
https://www.nature.com/articles/35056049#f1)
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During NHEJ, DNA ends are processed to generate ends suitable for ligation
reaction. DSBs usually have a variety of DNA ends, including different configurations
and chemical modifications, which must be processed prior to the ligation instead of
being ligated directly. In this process, a number of nucleases, polymerases, and
phosphodiesterases are involved for the proper processing of the DNA ends. A wide
range of nucleases, including Artemis, Metnase, APLF, Mre11, CtIP, APE1, APE2, and
WRN, are biochemically competent to carry out such double strand break end
processing (23). However, this process is poorly characterized.
Phosphorylation of DNA-PKcs
In the NHEJ machinery, DNA-PKcs is the key regulator of the NHEJ pathway (2).
DNA-PKcs is a member of phosphatidylinositol-3 (PI-3) kinase-like family of
serine/threonine protein kinases (PIKK), which also includes the two DNA damage
responsive proteins, namely Ataxia Telangiectasia-Mutated (ATM) and ATM and Rad3related protein (ATR) (24,25). DNA-PKcs is a large polypeptide of over 4000 amino acids
and is composed of a large N-terminal domain which is composed of HEAT (Huntingtonelongation-A subunit-TOR) repeats that likely serve as a protein-protein interaction
interface and a C-terminal kinase domain ﬂanked by FAT (FRAP, ATM, TRRAP) and
FAT-C terminal (FAT-C) domains (26,27) (Fig. 5). Since these domains flank the kinase
region, it is believed that they participate in kinase regulation. The FATC domains of
ATM, DNA-PKcs, and ATR have been proposed to mediate protein–protein interactions.
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Figure 5. PIKK Structure.
PIKK domain organization. Colored boxes represent indicated protein domains; numbers
represent amino acid residues. Major PIKK phosphorylation sites are indicated with an
encircled letter P. HEAT, huntingtin, elongation factor 3, A subunit of protein phosphatase 2A,
TOR1; FAT, FRAP-ATM-TRRAP; FATC, FAT C-terminal. (Modified from
https://www.sciencedirect.com/science/article/pii/S1097276517303544?via%3Dihub)
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After DNA damage, DNA-PKcs is recruited to DNA ends through its interaction
with Ku heterodimer, which results in the activation of DNA-PKcs kinase activity (28,29).
The kinase activity of DNA-PKcs is essential for NHEJ. This is demonstrated by
inhibitors or a mutation that inactivates DNA-PKcs kinase activity which results in
radiosensitivity and defects in DSB repair (30-32). Therefore, it is critical to identify the
physiological substrates of DNA-PKcs for understanding its role in NHEJ. In vitro, DNAPKcs can phosphorylate many substrates, including Ku70/80 (33,34), XRCC4 (35,36),
DNA Ligase IV (37), Artemis(32,38), XLF (39), and itself (40,41). Surprisingly, relatively
few phosphorylation events have been required for NHEJ in vivo. Indeed, the most
established substrate of DNA-PKcs is itself.
Following the induction of a DSB, DNA-PKcs is highly auto-phosphorylated at
more than 40 sites including several phosphorylation clusters (26,41) (Fig. 6). One of the
best characterized DNA-PKcs phosphorylation clusters is Thr2609 cluster (also known
as ABCDE cluster). Although Thr2609 cluster was originally identified as an
autophosphorylation site, further studies indicated that it was primarily targeted by ATM
and ATR in response to DSBs and replication stress, respectively (40,42,43). Ablating
the phosphorylation of Thr2609 cluster via alanine substitutions results in severe
radiosensitivity and diminished DNA end-joining ability in vitro (40,42,44,45). Moreover,
DNA-PKcs mutant mice lacking a functional Thr2605 cluster (human Thr2609) show
early lethality and congenital bone marrow failure, and the cells derived from these mice
are more sensitive to replication stress reagents (46). Additionally, the studies on protein
structure suggest that phosphorylation of DNA-PKcs at the Thr2609 cluster causes a
large conformational change which promotes its dissociation from the Ku70/80
heterodimer and its release from DSB ends (47,48). These findings suggested a critical
function and requirement of phosphorylation at Thr2609 cluster in vivo.
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Figure 6. Phosphorylation sites within the DNA-PKcs protein.
The best characterized phosphorylation sites are indicated. The phosphorylation clusters
(Thr2609 and Ser2506) and individual phosphorylation sites are described in full detail in the
text. (Modified from
https://www.sciencedirect.com/science/article/pii/S1568786414000615?via%3Dihub)
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The other well characterized phosphorylation cluster of DNA-PKcs is the
Ser2056 cluster (also known as PQR cluster), which is a bona fide autophosphorylation
site in response to DSBs in vivo (49,50). Ablation of phosphorylation at the Ser2056
cluster causes increased radiosensitivity and less efficiency of DSB repair. Intriguingly,
the Ser2056 and Thr2609 phosphorylation clusters play opposing roles in regard to
protecting the ends of the DSB. Phosphorylation at Ser2056 cluster limits DNA end
processing whereas the Thr2609 promotes it (51-53).
Several phosphorylation sites have been found in the N- and C-terminal regions
of DNA-PKcs. Phosphorylation of DNA-PKcs in its N-terminus at serine 56 and 72
results in ablation of DNA-PKcs kinase activity (54). Phosphorylation at threonine 946
and serine 1004 inhibits NHEJ without affecting the enzymatic activity of DNA-PKcs (54).
In addition, phosphorylation at serine 3205 mediated by ATM is similar to the Thr2609
cluster in response to IR (54). Meanwhile, phosphorylation at threonine 3950 inhibits
DNA-PKcs kinase activity(55). Although much has been learned about how DNA-PKcs
phosphorylation regulates the protein function, it is still unclear that how these DNAPKcs phosphorylation events are regulated.
Regulation of DNA-PKcs by Protein Phosphatase
Recent work has focused on the factors that regulate NHEJ and NHEJ factors,
especially proteins that modulate DNA-PKcs. Since the activity of DNA-PKcs is mostly
regulated by serine and threonine phosphorylation, we believe that protein serine/
threonine phosphatases would regulate its phosphorylation events negatively. Proteomic
analyses also reveal that most phosphorylation events of DNA-PKcs are tightly regulated
both spatially and temporally, suggesting that phosphatases are critical for the fine
regulation.
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There are two major families of protein serine/threonine phosphatases, namely
metal-dependent protein phosphatases (PPMs) and phosphoprotein phosphatases
(PPPs). The PPMs, requiring Mg2+ or Mn2+ for enzymatic activity, include PP2C (56). The
PPPs include PP1, PP2A, PP2B (also known as PP3), PP4, PP5, PP6, and PP7. Among
them, PP1, PP2A, and PP6 have all been shown to regulate DNA-PK activity positively.
Among the PPP family, PP1 and PP2A are the most abundant isoforms, and
their substrates have been well characterized. PP1 and PP2A catalytic subunits interact
with a large number of regulatory subunits that target them to speciﬁc locations, mediate
substrate speciﬁcity, and ﬁne-tune phosphatase activity (57). In fact, mammalian cells
contain more than 600 distinct PP1 complexes and approximately 70 PP2A
holoenzymes (42).
Protein Phosphatase 1
PP1 is one of the most abundant Ser/Thr phosphatases. PP1 catalyzes the
majority of protein dephosphorylation events that regulate diverse cellular processes,
including replication and transcription, protein synthesis, neuronal signaling, muscle
contraction, protein synthesis, cell survival and cell proliferation (58-60).
In mammalian cells, PP1 is encoded by three highly related genes and nearly
200 regulatory proteins have been found for mammalian PP1 isoforms α, β/δ and γ (61).
Many of these interactors contain a variant of the RVXF motif, a primary docking site for
PP1 that permits secondary interactions with effects on activity or substrate speciﬁcity.
PP1 isoforms do not exist freely in cells but rather associate with regulatory subunits to
form distinct multimeric holoenzymes, and numerous PP1 regulatory subunits have been
identified (62). Among them, some regulatory subunits such as protein phosphatase 1
nuclear targeting subunit (PNUTS), nuclear inhibitor of protein phosphatase 1 (NIPP1),
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inhibitor 2 (I2), and recruits PP1 onto mitotic chromatin at anaphase (Repo-Man) are
well-characterized.
Protein Phosphatase 1 Nuclear Targeting Subunit
Protein phosphatase 1 nuclear targeting subunit (PNUTS), also known as
PPP1R10, p99, R111 or CAT 53, was originally identified to bind to PP1 via its RVXF
motif (63-65). PNUTS contains several functional domains, including an N-terminal
transcription elongation factor S-II (TF2S) domain, a consensus PP1-binding RVXF
motif, a putative zinc finger domain, and C-terminal RGG motifs (Fig. 7). Although
PNUTS is predominantly localized to the interphase nucleus of mammalian cells (64,65),
its function is largely uncharacterized. Recent studies show that PNUTS depletion
induced prolonged G2/M checkpoint, increased RPA, Rad51 and γ-H2AX foci and
radiosensitivity after IR (66), suggesting PNUTS is involved in regulation of DNA repair
signaling. Moreover, PNUTS was found to bind with DNA adducts generated by cisplatin
and other DNA-damaging agents (67). Consistently, PNUTS is involved in regulation of
the DNA damage response and maintenance of telomere stability (66,68). However, the
detailed mechanism of PNUTS regulation in DNA repair has not been fully understood.
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Figure 7. Schematic representation of PNUTS.
TF2S, transcription elongation factor II-like domain; PP1 BD, PP1 binding domain; ZnF, zinc
finger domain.
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Chromosome Movements Facilitate DNA Repair
The basic DNA repair machinery is often sufﬁcient for repair in vitro. However,
efﬁcient repair often requires further regulation including modification of repair proteins,
change of chromatin structure around the DNA lesion, and regulation of nuclear and
cellular environments. In Saccharomyces cerevisiae, several DSBs exert increased
mobility (69) and cluster to form repair centers (70). Increased chromatin mobility
following DSB formation is dependent on Mec1 (ATR kinase homologue) and proposed
to promote DNA repair by HR (71,72). In mammalian cells, DSBs marked by the repair
factor 53BP1 exhibit increased mobility, and 53BP1 promotes the mobility of uncapped
telomeres to promote non-homologous end-joining repair. Compared with protected
telomeres, increased mobility has been detected in deprotected telomere ends and
damaged ends (73). Moreover, the Aten group has observed the formation of repair
centers upon exposure of cells to α particles (74) and Krawczyk also observed higher
DSB mobility upon ionizing irradiation (75). However, the mechanism by which the DDR
promotes increased chromosome mobility is not known.
Chromatin mobility is dependent on ATP, which is likely to be due to chromatin
remodelers and ATP-driven enzymes such as kinesin, whereas the nature of the DNA
fiber, the nucleoplasm, and physical anchoring of chromosomes to nuclear
compartments all act to constrain movement.
Kif2c
In our recent proteomic analysis, we identified that Kif2c associated with DSBs
and may contribute to chromatin mobility. Kif2c, also known as mitotic centromereassociated kinesin (MCAK), is a member of kinesin-13 family and belongs to M-kinesins
involved in microtubule de-polymerization. Kif2c has been demonstrated in regulation of
microtubule dynamics, spindle formation, chromosome separation and de-polymerization
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of improperly attached microtubules at centromeres (76,77). It is targeted and localized
at centromeres, centrosomes and the growing tips of microtubules, and its depolymerase activities and subcellular localization are well studied. Kif2c is involved in
directional migration and invasion of tumor cells and its overexpression is associated
with lymphatic invasion and lymph node metastasis in gastric and colorectal cancer
patients (78). Moreover, overexpression of Kif2c has been found in other cancers,
including breast, pancreatic, and head and neck cancer (79).
In recent studies, a novel role of kinesin in the DNA damage response has been
discovered. Kinesin-4 protein depletion leads to hypersensitivity of cells exposed to
ionizing radiation by regulating homologous recombination efficiency (80). Kinesin-14
motor protein complex cooperate with chromatin remodelers to encounter sub-telomeric
DSBs to ensure cell survival via DNA damage repair process (81), suggesting a potential
role of Kif2c in DNA damage response. Moreover, previous studies also showed that MT
poisons caused endogenous DNA damage and reduced DNA repair (82-85).
Hypothesis
NHEJ is a primary pathway to repair DSBs which are the most deleterious DNA
damage in mammalian cells. In this study, we sought to further elucidate the detailed
mechanism of DSB repair, particularly NHEJ in both Xenopus egg extracts and human
cells. The central hypothesis is that revealing new players and mechanisms of
DNA DSB repair will lead to better understanding of how our genomic integrity is
protected to prevent the progression of cancer and other diseases.
In Chapter 1, we established a new cell-free system to recapitulate DSB repair in
Xenopus egg extract. We showed that the repair of all compatible DNA ends and some
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non-compatible DNA ends yielded error-free repair products. Moreover, the variable
nature of end processing depended on their specific end structure (1).
Using an unbiased proteomic approach, we identified PP1, PNUTS and Kif2C as
novel proteins associated with a DNA DSB-mimicking substrate in Xenopus egg extracts
in our study. In Chapter 2, we discovered that PP1 and PNUTS were recruited to laserinduced DNA damage sites in human cells. Moreover, we revealed that PP1 and PNUTS
fine-tune the DNA damage-induced phosphorylation and activation of DNA-PKcs (86).
In Chapter 3, Kif2c, a molecular kinesin, was discovered as a new player of the
DNA damage. Firstly, we identified that Kif2c was associated with DSBs in both
Xenopus egg extracts and human cell. Secondly, we confirmed that Kif2c was recruited
to sites of DNA damage in mammalian cells and revealed that Kif2c facilitated DSB
repair via both NHEJ and HR. Surprisingly, Kif2C gene silencing or deletion led to the
accumulation of endogenous DNA damage and DNA damage hypersensitivity. Finally, in
collaboration with Dr. Kwok’s laboratory in the University of Montreal, we discovered that
Kif2c promoted the mobility of DSBs and the formation of DNA damage foci.
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CHAPTER 1: NON-HOMOLOGOUS END JOINING REPAIR IN
XENOPUS EGG EXTRACT1
Introduction
DNA double strand breaks (DSBs) are highly toxic lesions potentially causing cell
death and genomic instability. The cell develops two main evolutionarily-conserved
mechanisms, namely non-homologous end joining (NHEJ) and homologous
recombination (HR) to repair DNA DSBs (87,88). HR repairs the broken DNA strands by
treating an intact strand as template. In addition, HR exists in S and G2 phases after
replication of chromatin DNA. By comparison, NHEJ directly religates the two broken
ends of a DSB and is available in the entire interphase. It has been shown that NHEJ is
the major mechanism of DSB repair in mammalian cells. Genetic defects of the NHEJ
pathway have been linked to severe combined immunodeficiency (SCID), premature
aging, and cancer (21,89-91).
Existing studies of NHEJ have revealed a sophisticated mechanism at the
molecular level. Upon the occurrence of DSBs, DSB ends are quickly recognized and
bound with a Ku heterodimer composed of Ku70 and Ku80. This initial step of NHEJ is
believed to protect the DSB ends and recruit other NHEJ proteins, including DNAdependent protein kinase catalytic subunit (DNA-PKcs), X-ray cross-complementing
protein (XRCC4), XRCC4-like factor (XLF), DNA ligase IV, etc (21,90). Among the NHEJ
proteins, DNA-PKcs is activated upon its recruitment to DSBs. In turn, DNA-PKcs
autophosphorylation and DNA-PKcs-mediated phosphorylation of other NHEJ proteins
regulate the activity and dynamics of repair proteins (21,90,92). Ultimately, DNA ligase

1

The material presented in this chapter were previously published: Zhu, S. and Peng, A. (2016) Nonhomologous end joining repair in Xenopus egg extract. Sci Rep, 6, 27797.
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IV rejoins the broken DSB ends to complete DNA repair. However, processing of DSB
ends rendering them ligatable is often required prior to end ligation. The involvement of
nuclease Artemis, DNA polymerases λ and μ, and Polynucleotide kinase/phosphatase
(PNKP) in end processing has been well established (21,90,91).
In principal, DSB repair plays a physiological important role both in rejoining the
DNA ends and in avoiding mutations or loss of genetic information. While HR repair is
known to be error-free, NHEJ mechanism has been long regarded as being error-prone.
For example, loss of end nucleotides may result from end resection as a necessary step
to generate ligatable ends during NHEJ. Therefore, knowledge about the detailed
mechanism and regulation of end processing will greatly propel our understanding of
NHEJ and its involvement in genomic instability and human diseases.
It is well demonstrated that Xenopus egg extract responds to DNA damage in a
sense very similar to mammalian cells (93-96). In the present study, we sought to
investigate NHEJ repair in Xenopus egg extracts with a plasmid-based assay. In addition
to measuring the efficiency of NHEJ, we isolated and analyzed repair products to assess
the fidelity of DNA repair and reveal how DSB ends were processed. The results argued
that the NHEJ machinery has a surprising preference for precise, error-free repair. The
study highlighted a highly variable nature of end processing that is rigorously dependent
on the structure of DSB ends. The action of nucleases was not guaranteed by the
presence of non-compatible ends or single strand overhangs. Instead, end resection
was even effectively suppressed by several types of non-compatible ends. Moreover,
this study demonstrated an important role of ATM in the repair of non-compatible ends.
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Materials and Methods
Immunoblotting
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblotting were carried out as previously described (97). Antibodies to ATM,
phospho-ATM Ser-1981, phospho-DNA-PKcs Ser-2056 and H2B are obtained from
Abcam (Cambridge, MA). Antibodies to ATR and phospho-SMC1 Ser-957 were
purchased from Bethyl Laboratories (Montgomery, TX).
Xenopus egg extracts
Cycling extracts were prepared as previously described (97). Briefly, eggs were
rinsed with distilled water and soaked in water for 10 min before being dejellied with 2%
cysteine in 1x XB (1 M KCl,10 mM MgCl2, 100 mM HEPES pH 7.7, and 500 mM
sucrose). Eggs were washed 5 times in 0.2x MMR buffer (100 mM NaCl, 2 mM KCl, 1
mM MgCl2, 2 mM CaCl2, 0.1 mM EDTA, 10 mM HEPES, and KOH to pH 7.8). Ca2+
ionophore, A23187, was added at 10 ng/ml. Upon observing the rotation of animal poles,
eggs were washed with 0.2x MMR for 10 times and 1x XB for 4 times, and then crushed
by centrifugation at 10,000 g at 4°C. The cytoplasmic layer was transferred to new tubes
and added with an energy mix (7.5 mM creatine phosphate, 1 mM ATP, 1 mM MgCl2).
The cytoplasmic layer was further separated by centrifugation at 10,000 g for 15 min at
4°C. In the study, kinase inhibitors included ATM inhibitor (KU60019, 10μM; KU55933,
5μM), ATR inhibitor (VE821, 20μM), and DNA-PK inhibitor (NU7441, 20μM; NU7026,
20μM).
DNA repair assay in Xenopus egg extracts
Plasmid pMBP-parallel2 (pMBPII) was digested with different restriction enzymes
(New England Biolabs, MA) to generate linearized DNA with various end structures. The
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digested plasmid DNA was purified with a Qiagen DNA purification kit (Valencia, CA),
and utilized as substrate of DNA repair. The substrate DNA (20 ng per reaction) was
incubated in 20 μl interphase Xenopus egg extract at room temperature for DNA repair.
The reaction was terminated and stored at -80°C. As a negative control, the same
reaction was established and immediately frozen. Then, the reactions were thawed and
resuspended in 500 μl of proteinase K Buffer (50 mM Tris HCl to pH 8.0, 150 mM NaCl,
50 mM EDTA to pH 8.0, 0.5% Sarkosyl, 10 ug/ml RNase A and 1 mg/ml proteinase K) at
42°C for 1 hour. For isolating repair products, reactions were extracted twice with
phenol: chloroform, followed by isopropanol precipitation. The purified DNA was
transformed into DH5-alpha cells (New England Biolabs, MA), and the colonies were
randomly selected and amplified. The plasmid DNA was extracted from DH5-alpha cells
using a QIAprep spin miniprep kit (QIAGEN) and analyzed by sequencing.
Immunodepletion
For ATM and ATR immunodepletion, pierce glutathione magnetic beads (Thermo
Fisher Scientific) were conjugated with Mre11 or ATRIP protein according to the
manufacturer’s protocol. Beads were then added to extracts and removed with magnet
after incubation for 30 min. The remaining extract after beads removal was used as
immunodepleted extract, and the efficiency of depletion assessed by western blot. Mockdepleted extract was prepared similarly with pierce glutathione magnetic beads not
conjugated with protein.

Results
DSB repair in Xenopus egg extracts via Ku-dependent NHEJ.
As described in Materials and Methods, we established an in vitro system to
recapitulate DSB repair in Xenopus egg extract, which has been widely used to study

24

DNA repair and damage response (93-96). As illustrated in Fig. 8, five non-compatible
DSB templates, including blunt/3’-overhang, blunt/5’-overhang, and 3’-overhang /5’overhang, 3'- overhang /3'-overhang, and 5'-overhang /5'-overhang, were generated and
incubated in Xenopus egg extracts. Then the plasmid DNA was re-isolated from extracts
and transformed into bacteria cells. The repair of the DNA template would result in the
formation of bacteria colonies, which can be quantified to indicate the efficiency of DNA
repair. Moreover, each individual colony contains a single clone of the repair product that
can be subjected to sequencing analysis (Fig. 9A). Indeed, in terms of the formation of
colonies, the extract possesses biochemical activities to repair DNA DSBs (Fig. 9B). As
a control, the same DNA template was mixed with the extract, but the reaction was
immediately stopped to block DNA repair in the extract. As expected, there was no
colony formed in the “no incubation” control group, confirming that the formation of
colonies resulted from DNA repair in the extract (Fig. 9B). Moreover, most DNA repair in
extracts occurred within 30 minutes (Fig. 9C), being comparable to that in human cells.
As shown in a previous study, NHEJ can be completed within approximately 30 min in
human cells, while HR may take several hours (98). Due to an intact homologous
sequence was excluded in our repair substrates, we reasoned that its repair in extracts
was dependent on NHEJ. After Ku70 antibody or DNA-PKcs inhibitors was added to the
extract, the repair activity decreased consistently and significantly (Fig. 9D.9E &10).
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Figure 8. Five types of NHEJ substrates were generated using different restriction
enzymes.
Different restriction enzymes were utilized to generate five types of NHEJ substrates for repair
assay.
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Figure 9. Repair of DSB substrates in Xenopus egg extract.
(A) Schematic diagram of the DSB repair assay. As described in Materials and Methods,
linearized plasmid DNA was generated and incubated in Xenopus egg extract. Plasmid DNA
was then re-isolated from egg extracts and transformed into bacteria cells. The final repair
products were isolated from bacteria colonies and subjected to sequencing analysis. (B) As in
panel A, incubation of plasmid DNA linearized with Xho1 and Kpn1 in Xenopus egg extracts
led to formation of colony formation. As a control, mixing the linearized plasmid with egg
extracts without incubation did not yield colony formation. (C) The linearized plasmid DNA
was incubated in Xenopus egg extracts for 0.5 or 2 hr, re-isolated, and transformed into
bacteria cells. The resulted colonies were quantified to indicate the repair activity of the
extract. (D) The repair assay was performed in Xenopus egg extract that was supplemented
with or without Ku70 antibody. The repair activity was measured by colony formation and
compared between extracts with or without Ku70 antibody. (E) The repair assay was
performed in Xenopus egg extract that was supplemented with or without DNA-PKcs inhibitor
(NU7441). The repair activity was measured by colony formation and compared between
extracts with or without the inhibitor. In panels C-E, a minimum of three experiments were
carried out and the results are shown as the mean values and standard deviations. Statistical
significance was analyzed using an unpaired 2-tailed Student’s t-test. A p-value <0.05 was
considered statistically significant.
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Figure 10. The repair of non-compatible ends required DNA-PK.
The extract was supplemented with or without DNA-PKcs inhibitor. The repair activity (in
relative to the control extract) was measured by colony numbers. A minimum of three
experiments were carried out and the results are shown as the mean values and standard
deviations. Statistical significance was analyzed using an unpaired 2-tailed Student’s t-test. A
p-value <0.05 was considered statistically significant.
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The repair of compatible ends requires the kinase activity of DNA-PK but not ATM.
End processing by nuclease Artemis and other enzymes plays an important role
in NHEJ. Therefore, an interesting question has been raised, namely how the NHEJ
machinery processes and repairs DSBs that are readily compatible for ligation. This
question is important physiologically due to DSBs with compatible ends can be
frequently induced in the cell by endonucleases, topoisomerases, and other endogenous
enzymes. Linearization of plasmid DNA with a single endonuclease produces a DSB
repair template with compatible ends. For revealing how DSBs with compatible ends
were repaired, Xho1-digested plasmid DNA was incubated in Xenopus egg extracts, and
multiple repair products were isolated for sequencing analysis. Interestingly, as there
was no loss of end nucleotides being observed, it was believed that all these products
were repaired with direct ligation (Fig. 11A). Therefore, the NHEJ machinery recognizes
the compatibility of DSB ends, and effectively suppresses the involvement of end
processing nucleases. Consistent with our results, it was previously reported that IsceIinduced DSBs with compatible ends were predominantly repaired by precise ligation in
human cells (99). Two phosphatidylinositol-3-kinase like kinases (PIKK), DNA-PKcs and
ATM, have been shown to promote NHEJ in a coordinated and redundant manner (100102). We asked if the kinase activity of DNA-PKcs and ATM was required for the precise
repair of compatible DSB ends. As shown in Fig. 11B & 11C, the repair activity
decreased with the inhibition of DNA-PKcs but was largely unchanged with the inhibition
of ATM. The specific inhibition of ATM and DNA-PKcs was confirmed by
autophosphorylation of ATM and DNA-PKcs (Fig. 11D).
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Figure 11. The repair of compatible ends required DNA-PK but not ATM.
(A) The pMBPII plasmid was digested by XhoI to generate compatible DSB ends. The DNA
substrate was incubated in Xenopus egg extracts, re-isolated, and transformed into bacteria
cells. The final repair products were isolated from bacteria colonies and subjected to
sequencing analysis. The repair product with large-fragment deletion (200bp-2kb) was
determined by agarose gel electrophoresis (data not shown). (B) The repair assay was
established as in panel A. The extract was supplemented with or without DNA-PKcs inhibitor.
The repair activity (in relative to the control extract) was measured by colony numbers. (C)
The repair assay was established as in panel A. The extract was supplemented with or
without ATM inhibitor. The repair activity (in relative to the control extract) was measured by
colony numbers. (D) The specificity of ATM and DNA-PKcs inhibitors were confirmed by
immunoblotting. Xenopus egg extract were treated with double-stranded oligonucleotides and
specific inhibitors as indicated. After incubation for 30 min at room temperature, samples
were analyzed using specific antibodies as indicated. KU60019, ATM inhibitor; VE821, ATR
inhibitor; NU7441 DNA-PK inhibitor. In panels B & C, a minimum of three experiments were
carried out and the results are shown as the mean values and standard deviations. Statistical
significance was analyzed using an unpaired 2-tailed Student’s t-test. A p-value <0.05 was
considered statistically significant.
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The repair of non-compatible ends is ATM-dependent.
As shown in Fig. 8, the repair of all five non-compatible ends in Xenopus egg
extracts was significantly impaired by the inhibition (Fig. 12A, 12B & 12C) or depletion of
ATM (Fig. 12D & 12E). By comparison, inhibition or depletion of ATM and Rad3-related
(ATR), another PIKK involved in the DDR, exerted no effect on the repair of the noncompatible ends (Fig. 12G & 12H). The specific inhibition of ATM was confirmed by
autophosphorylation of ATM and SMC1 (Fig. 13).
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Figure 12. ATM is required for the repair of non-compatible DSB ends.
(A, B & C) Xenopus egg extracts were supplemented with or without ATM inhibitor and
incubated with all types of NHEJ substrates as in Fig. 8. The repair activity (in relative to the
control extract) was measured by colony numbers. (D and E) ATM were immunodepleted in
Xenopus egg extracts, and incubated for repair activity, the repair activity (in relative to the
control extract) was measured by colony numbers. The efficiency of ATM depletion (D) was
confirmed by immunoblotting. Xenopus egg extract were treated with double-stranded
oligonucleotides and specific inhibitors as indicated. After incubation for 30 min at room
temperature, samples were analyzed using specific antibodies as indicated. (F) Xenopus egg
extracts were supplemented with or without ATR inhibitor (VE821) and incubated with the 5’overhang/3’-overhang template. The repair activity (in relative to the control extract) was
measured by colony numbers. (H and G) ATR were immunodepleted in Xenopus egg
extracts, and incubated for repair activity, the repair activity (in relative to the control extract)
was measured by colony numbers. The efficiency of ATR depletion (D) was confirmed by
immunoblotting. In panels A, B, C, E, F&H, a minimum of three experiments were carried out
and the results are shown as the mean values and standard deviations. Statistical
significance was analyzed using an unpaired 2-tailed Student’s t-test. A p-value <0.05 was
considered statistically significant.
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Figure 13. Immunoblotting for the specificity of ATM inhibitors.
(A & B) The specificity of ATM inhibitors was confirmed by immunoblotting. Xenopus egg
extract were treated with double-stranded oligonucleotides and specific inhibitors as
indicated. After incubation for 30 min at room temperature, samples were analyzed using
specific antibodies as indicated.
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Processing of non-compatible ends is flexible and specific to the structures of
DSB ends.
To reveal into how various types of compatible ends were processed during
NHEJ in detail, we isolated and sequenced approximately 10 repair products for each
template. Interestingly, although the existing study on NHEJ emphasized the role of end
processing nucleases, particularly Artemis, our results indicated that the action of
nucleases was only involved in repairing a subset of non-compatible ends. Theoretically
speaking, repair templates with a single blunt end, such as blunt/3’-overhang and
blunt/5’-overhang, can be processed into ligatable ends via nuclease-dependent removal
of the single strand nucleotides. However, our study revealed that in almost all cases,
blunt/3’-overhang and blunt/5’-overhang templates were repaired by fill-in of the missing
nucleotides (Fig. 14A & 14B). Moreover, the 3’-overhang/5’-overhang template
containing a single strand on either DSB end was also repaired predominantly without
end resection (Fig. 14C). In sharp contrast, all of the 5’-overhang/5’-overhang and 3’overhang/3’-overhang templates were repaired by deleting 3 to 5 nucleotides, confirming
the necessary involvement of nucleases in the repair of these substrates (Fig. 14D &
14E).
When we found that ATM inhibition decreased the repair efficiency of all noncompatible DSB ends, we raised a question whether ATM inhibition altered the mode of
end processing during NHEJ. For blunt/3’-overhang, blunt/5’-overhang, and 3’overhang/5’-overhang templates that were normally repaired without end resection, ATM
inhibition exert no influence on the loss of end nucleotides in the repair products. In fact,
100% of these substrates were repaired with fill-in and ligation (Fig. 14A-C). The repair
products of the 3’-overhang/3’-overhang template were also unchanged (Fig. 14D).
However, a significant impact was observed with the 5’-overhang/5’-overhang template:
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all repair products in the control extracts were repaired with 3 or 5 base deletion,
whereas one third (4 out of 12) of them were repaired without end resection when ATM
was inhibited (Fig. 14E).
Beside ATM function role in NHEJ pathway, we also noticed that DNA-PK
inhibition decreased the repair efficiency of all non-compatible DSB ends. Therefore, we
questioned if DNA-PK inhibition altered the mode of end processing during NHEJ like
ATM. Approximately 10 repair products for each template were isolated and sequenced
for analysis. However, DNA-PK inhibition did not cause loss of end nucleotides in the
repair products (Fig. 15).
Notably, with all repair templates we observed small portions of repair products
that exhibited deletion of large (200 base pair to 2 kb) DNA fragment. This observation is
in potential accordance with previous characterization of alternative DSB repair
mechanisms, such as alternative NHEJ or single strand annealing (103,104). The risk of
large-fragment deletion for compatible ends (5%, Fig. 11A) was significantly lower than
that for non-compatible ends (7-23%, Fig. 14A-E). ATM inhibition moderately reduced,
but did not block, repair with large-fragment deletion (Fig. 14A-E).
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Figure 14. Processing of non-compatible ends is flexible and specific to the structure
of DSB ends.
Various NHEJ repair templates with non-compatible ends, as in Fig. 12A, were incubated in
Xenopus egg extracts, re-isolated, and transformed into bacteria cells. Final repair products
were isolated and subjected to sequencing analysis. The NHEJ templates include: blunt/3’overhang (A), blunt with 5’-overhang (B), 3’-overhang /5’-overhang (C), 3’-overhang /3’overhang (D), and 5’-overhang /5’-overhang (E). The repair assay was performed with or
without ATM inhibitor as in Fig. 3B. In each reaction, approximately 10 final repair products
were sequenced and shown. Nucleotides deleted during DNA repair were indicated by empty
triangles. Repair products with large-fragment deletion (200bp-2kb) were determined by
agarose gel electrophoresis (data not shown).
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Figure 15. DNA-PK inhibition didn’t alter the mode of end processing during NHEJ.
Various NHEJ repair templates with non-compatible ends, as in Fig. 8, were incubated in
Xenopus egg extracts, re-isolated, and transformed into bacteria cells. Final repair products
were isolated and subjected to sequencing analysis. The NHEJ templates include: blunt/3’overhang (A), blunt with 5’-overhang (B), 3’-overhang /5’-overhang (C), 3’-overhang /3’overhang (D), and 5’-overhang /5’-overhang (E). The repair assay was performed with or
without DNA-PK inhibitor as in Fig. 9E. In each reaction, approximately 10 final repair
products were sequenced and shown. Nucleotides deleted during DNA repair were indicated
by empty triangles.
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End dephosphorylation reduced the efficiency of DNA repair without promoting
end resection.
Interestingly, we found that the 5’- overhang/3’- overhang template containing
ssDNA on both ends was repaired without end resection (Fig. 14C). A possible
explanation is that both single strand overhangs were immediately ligated by DNA ligase
to avoid the recruitment of DNA nucleases. Consistently, it has been proposed that
ligases may be recruited to DSBs prior to nucleases and polymerases, so that
compatible ends are ligated to prevent undesired end processing. Due to the direct
ligation of DSBs required a phosphate group to present at the 5’-DNA terminus, we
treated the 5’-overhang /3’-overhang template with calf intestinal alkaline phosphatase
(CIP) which removed the 5’ phosphate and delayed the ligation of DSB ends in Xenopus
egg extracts. Surprisingly CIP-treatment markedly decreased the repair activity (Fig.
16A). However, as revealed in the sequence analysis of repair products, all repair
products after CIP-treatment were still repaired without loss of end nucleotides (Fig.
16B), indicating that delaying direct end ligation reduced the efficiency of DNA repair, but
did not promote nuclease-dependent end processing.
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Figure 16. End dephosphorylation reduced the repair efficiency without promoting end
resection.
(A) The 3’-overhang /5’-overhang template was incubated with calf intestinal alkaline
phosphatase (CIP), or control buffer, prior to the addition in Xenopus egg extracts. The repair
activity (in relative to the control extract) was measured by colony numbers. A minimum of
three experiments were carried out and the results are shown as the mean values and
standard deviations. Statistical significance was analyzed using an unpaired 2-tailed
Student’s t-test. A p-value <0.05 was considered statistically significant. (B) The repair assay
with CIP incubation was established as in panel A. Ten final repair products were sequenced
and shown. Repair products with large-fragment deletion were determined by agarose gel
electrophoresis.
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Discussion
As well-illustrated in previous studies, biochemical delineation of NHEJ in a
tractable, in vitro system can greatly stimulate the mechanistic investigation of this
critical repair process (105). Importantly, the evolutionarily conserved nature of the DNA
damage response justifies for the use of model systems, including Xenopus egg extract
that has been treated as a classic biochemical model. Xenopus egg extract is produced
by crushing eggs, of which the simplicity allows an ideal preservation of in vivo activities.
As well illustrated, the response of Xenopus egg extract to DNA damage is very similar
to that of mammalian cells in a manner (95,96). For example, ATM and ATR-dependent
DDR pathway has been extensively investigated in Xenopus egg extracts in response to
DNA double strand breaks (93,94). In this study, we described a plasmid DNA-based
NHEJ assay in Xenopus egg extracts and confirmed that the linearized plasmid DNA
was rejoined in Xenopus egg extracts via the Ku-dependent NHEJ pathway. In addition
to measuring repair efficiency, we isolated individual bacteria colonies and sequenced
the repair products to assess the fidelity of DNA repair and reveal how the DSB ends
were processed during DNA repair.
Although NHEJ is often referred to as an error-prone repair mechanism,
emerging evidence argued for an intrinsic precision of this process. In a recent study,
chromosomal DSBs with compatible ends were repaired predominantly by precise end
ligation (99). As shown in Xenopus egg extracts in this study, the repair of compatible
DNA ends yielded error-free repair products in all cases. The previous study confirmed
the role of Ku proteins and DNA ligase IV in previse NHEJ (99). Here we also
demonstrated a requirement of the kinase activity of DNA-PKcs, but not that of ATM, for
precise NHEJ. The involvement of DNA-PKcs is intriguing given that DNA-PKcs activity
is known to govern neither the end-protection by Ku proteins nor the activity of DNA
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ligase IV. Interestingly, it has been shown that autophosphorylation of DNA-PKcs is
necessary to relieve the physical blockage of end-ligation imposed by DNA-PKcs itself
(47,53,106).
As shown in this study, although the kinase activity of ATM was dispensable for
rejoining of compatible ends, ATM inhibition impaired the repair of all non-compatible
ends. By comparison, ATR inhibition did not exert an inhibitory effect on NHEJ. In line
with our finding, previous studies demonstrated that ATM played a role via
phosphorylation and recruitment of Artemis nuclease in the end resection step of NHEJ
(107). Surprisingly, as shown in this study, ATM was required for the repair of all five
types of non-compatible ends, including those that were repaired without end resection.
Therefore, our results pointed to an additional, and uncharacterized role of ATM in end
procession, which is possibly explained that the fill-in process of end nucleotides,
presumably catalyzed by DNA polymerase λ and μ (108), is directly or indirectly
promoted by ATM. Interestingly, proteomic analysis revealed DNA polymerase λ as a
substrate of ATM/ATR (109). Future efforts shall be directed to characterize ATMdependent phosphorylation of DNA polymerase λ and other substrates involved in end
processing.
During NHEJ, non-compatible ends must be first processed to yield compatible
ends prior to end ligation. Various enzymes, including DNA nuclease, polymerase, and
kinase/phosphatase, have been shown to process DSB ends in NHEJ. Growing
evidence suggested that there is flexibility in the recruitment and action of these
enzymes in NHEJ (21,90,91). In this study, different types of repair templates were
adopted to support the flexibility of end procession and highlight the variable nature of
end procession in accordance to the specific end structure. It was showed that the
templates with blunt/3’-overhang, blunt/5’-overhang, and 3’-overhang/5’-overhang ends
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were predominantly repaired with fill-in and ligation, but without resection of end
nucleotides. In contrast, 3'-overhang/3'-overhang or 5'-overhang /5'-overhang templates
were typically processed via 3-5 base resection and 1-4 base fill-in prior to end ligation.
The variable nature of end processing in our study is generally consistent with previous
studies on NHEJ in human cell lysates, Xenopus egg extracts, and reconstitute assays
with purified enzymes (110-115). In our study, it was noted that the templates with
blunt/3’-overhang, blunt/5’-overhang, and 3’-overhang /5’-overhang ends all contained
one strand that can be ligated without formation of mismatched or flapping nucleotides
on the complementary strand (Fig. 17). Taken together, as shown in the results, the
mode of end procession during NHEJ was dictated by the structure of DSB ends.
Furthermore, the NHEJ machinery had a strong preference for precise repair without
end resection; neither the presence of non-compatible ends, nor that of protruding single
strand DNA warranted the action of nucleases. An interesting model is that DNA ligase
is recruited to DSB ends prior to other end-processing enzymes, so that compatible ends
are directly ligated to avoid undesired end processing. Together with this idea, even with
some non-compatible ends that are featured with blunt/3’-overhang, blunt/5’-overhang
and 3’-overhang /5’-overhang, a single strand may be ligated to avoid end resection.
This “ligation vs resection competition” model highlights the importance of the prompt
end ligation for the choice of end processing. But it may not fully account for the
prevention of end nucleotide removal, as we showed in this study that dephosphorylation
of the 5’-overhang/3’-overhang template reduced the efficiency of DNA repair instead of
increasing the risk of end resection, which may be reasoned that the recruitment of
NHEJ nuclease also requires certain structural features of DSB ends. In this study, only
DSB ends with mismatched and flapping ssDNA were repaired by deleting 3-5
nucleotides (Fig. 17). Thus, the potential structural determination of DSB ends remains
to be further investigated for the nuclease-dependent end processing.
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Figure 17. The pattern of NHEJ end processing is specific to the end structure and
dependent on ATM and DNA-PKcs.
Compatible ends, and non-compatible ends with blunt/3’-overhang, blunt/5’-overhang, and 3’overhang/5’-overhang were predominantly repaired with fill-in and ligation without resection of
end nucleotides. In contrast, 3'-overhang/3'-overhang or 5'-overhang/5'-overhang templates
were processed by resection of 3-5 bases and 1-4 base fill-in prior to end ligation. Therefore,
the NHEJ machinery exhibited a strong preference for precise repair; the presence of neither
non-compatible ends nor protruding single strand DNA sufficiently warranted the action of
nucleases. Direct ligation of compatible ends is dependent on the kinase activity of DNA-PKcs
but not ATM. ATM was required for the efficient repair of all non-compatible ends, suggesting
that ATM-dependent phosphorylation may regulate both end resection and fill-in.
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CHAPTER 2: PROTEIN PHOSPHATASE 1 AND PHOSPHATASE 1
NUCLEAR TARGETING SUBUNIT AS ESSENTIAL REGULATORS
OF DNA-DEPENDENT PROTEIN KINASE AND NONHOMOLOGOUS END JOINING2
Introduction
DNA double strand breaks (DSBs) are frequently induced in eukaryotic cells by
various exogenous and endogenous DNA damaging agents. Non-homologous end
joining (NHEJ) is a major DSB repair pathway that directly re-ligates the DSB ends after
they are processed to become compatible for ligation. Unlike homologous recombination
(HR), NHEJ is executed without the need for a template, and is active in almost all
stages of the cell cycle. Malfunction of NHEJ has been linked to premature aging,
neurological diseases, immunodeficiency, and cancer (21,90,91).
The DNA-dependent protein kinase (DNA-PK) complex composed of Ku70,
Ku80, and DNA-PK catalytic subunit (DNA-PKcs) is the core component of NHEJ. The
assembly of DNA-PK at DSB ends serves as a platform to recruit Artemis, DNA ligase
IV, and other NHEJ factors that are involved in end-processing and ligation (10,116).
Within the DNA-PK complex, Ku proteins yield high affinity to DSB ends, and function as
early sensors. The subsequent recruitment of DNA-PKcs to DSBs via the Ku proteins
triggers the activation of DNA-PKcs, a member of the phosphatidylinositol 3-kinaserelated kinase (PIKK) family. Upon activation, DNA-PKcs phosphorylates a number of
substrates, including H2AX, XRCC4, Artemis, and most importantly, DNA-PKcs itself.
Autophosphorylation of DNA-PKcs occurs at numerous Ser/Thr residues throughout the

2

The material presented in this chapter were previously published: Zhu, S., Fisher, L.A., Bessho, T. and
Peng, A. (2017) Protein phosphatase 1 and phosphatase 1 nuclear targeting subunit-dependent regulation
of DNA-dependent protein kinase and non-homologous end joining. Nucleic Acids Research.
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kinase and has been shown to mediate NHEJ (10,92,106,116). Intriguingly, mounting
evidence revealed that these phosphorylation events control DNA-PKcs activity and
configuration, and the subsequent end-processing, in a complex, and sometimes
opposing, manner. For example, DNA-PKcs phosphorylation at Thr-2609 and other sites
of the ABCDE cluster by both ATM and DNA-PKcs facilitates Artemis recruitment and
end resection, whereas DNA-PKcs autophosphorylation at Ser-2056 and surrounding
sites within the PQR cluster limits end-processing, but may enable end-ligation by
promoting the removal of DNA-PK (47,53,117). Moreover, three DNA-PKcs
autophosphorylation sites, including Ser-56 and Ser-72 at the N-terminus and Thr-3950
at the C-terminal kinase domain, can lead to kinase inactivation (55,117-119). These
findings suggest a dynamic and, possibly, site-specific regulation of DNA-PKcs
autophosphorylation after DNA damage. In principle, the complex and differential pattern
of DNA-PKcs phosphorylation cannot result solely from autophosphorylation. Instead,
regulated actions of protein phosphatases toward distinct sites/clusters of DNA-PKcs
may be crucially involved. In vitro enzymatic analysis indicated that dephosphorylation of
DNA-PK by PP1 or PP2A-like phosphatases is necessary to activate the kinase activity
of DNA-PKcs (116,120). Although a number of protein phosphatases have been
implicated in NHEJ, molecular mechanisms by which specific phosphatases regulate
DNA-PKcs remain to be uncovered (121-123).
Protein phosphatase 1 (PP1) is a major Ser/Thr phosphatase that accounts for
approximately 50% of all Ser/Thr phosphatase activities (124). Vertebrate cells encode
several isoforms of PP1, including PP1α, β, and γ. These isoforms of PP1 are highly
similar in sequences and functions but may differ in tissue-specific expression and
subcellular localization. Existing studies indicate that PP1 relies on additional
regulatory/targeting subunits to achieve their specific functions. It has been estimated
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that over 200 PP1 binding proteins may exist to regulate PP1 activities, as well as the
subcellular localization and substrate recognition of PP1 (56,124-126). One of these PP1
regulators is phosphatase 1 nuclear targeting subunit (PNUTS, also known as
PPP1R10), which was originally described as a nuclear regulator of PP1 that retains a
portion of PP1 in the nucleus (64). PNUTS is predominantly localized to the interphase
nucleus where it is partially chromatin-bound (64,127). Previous studies have implicated
PNUTS in transcriptional regulation, cell cycle control, apoptosis, and telomere
maintenance (127-134). A recent study also linked PNUTS to DNA damage response
(66), but the underlying mechanism is unknown. In this study, we show that PP1 and
PNUTS act as essential regulators of NHEJ via modulating the phosphorylation and
activation of DNA-PKcs.

Materials and Methods
Cell culture and treatment
The Human cervix carcinoma (HeLa) cell line, authenticated by ATCC, was
maintained in Dulbecco’s modified Eagle medium (DMEM, Hyclone) with 10% fetal
bovine serum (FBS, Hyclone). Cell proliferation and death assays were performed as in
our previous study (135). Ionized radiation was performed using an X-ray cabinet (RS2000 Biological irradiator). Multiple siRNA targeting PP1γ target sequence
CUAUCAACAUUAGGAGUA or AACUGUUGAUGGCAUAUU), PNUTS (target sequence
GGCGGCUACAAACUUCUU or UCUGACAAGUACAACCUU), and Ku70 (target
sequence UUAGUGAUGUCCAAUUCA) were purchased from Integrated DNA
Technologies (IDT), and transfected into cells using a protocol recommended by the
manufacturer. A non-targeting control siRNA was used as a control.
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Immunoblotting
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblotting were carried out as previously described (136), using the following
antibodies: Chk1 phospho-S317 (A304-673A-T), Ku80 (A302-627A-T), γ-H2AX (A300081A-M), PP1β (A300-905A), PP1γ (A300-906A), PP5 (A300-909A-T), PP6 (A300844A-T), PNUTS (A300-439A), and Smc1 phospho-S957 (A304-147A) antibodies from
Bethyl Laboratories (Montgomery, TX); GFP (sc-9996) and Ku70 (sc-56129) antibodies
from Santa Cruz Biotechnology (Dallas, TX); ATM phospho-S1981 (ab36810), Chk2
phospho-T387 (ab195783), DNA-PKcs (ab70250), DNA-PKcs phospho-S2056
(ab18192), DNA-PKcs phospho-T2609 (ab18356), and H2B (ab1790-100) antibodies
from Abcam (Cambridge, MA); β-actin (#4970T), BRCA1 phospho-S1524 (#9009P),
Chk1 (#2345), Chk1 phospho-S296 (#2349), Chk2 phospho-T68 (#2661), and Rad52
(#3425P) antibodies from Cell Signaling Technology (Beverly, MA); Artemis
(GTX100128), DNAL IV (GTX100100), and XRCC4 (GTX100094) antibodies from
Genetex (Irvine, CA).
Immunofluorescence
Immunofluorescence was performed as previous described (137). Briefly, cells
were fixed in 3% formaldehyde with 0.1% Triton X-100, washed, and blocked in 10%
goat serum in PBS. Primary antibodies to γ-H2AX, PNUTS, PP1β, NBS1 phospho-S343,
and ATM phospho-S1981 were diluted in blocking buffer and incubated with the cells for
2 h. The cells were then incubated with the Alexa Fluor 488/555 conjugated secondary
antibody (Invitrogen, 1: 2,000) for 1 h. Imaging was performed using a Zeiss Axiovert
200M inverted fluorescence microscope at the UNMC Advanced Microscopy Core
Facility. Laser microirradiation was performed using 405nm laser under the Zeiss
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Axiovert 200M Microscope with Marianas Software (Intelligent Imaging Innovations, Inc.
Denver, CO).
NHEJ assays in Xenopus egg extracts and human cells
Repair assays in Xenopus egg extracts were performed as previously described
(1). Briefly, plasmid pMBP-parallel2 (pMBPII) was linearized with Kpn1 and Xho1, or
Xho1 alone, and incubated in Xenopus egg extracts for DNA repair. The reaction was
terminated and resuspended in 500 μl of proteinase K Buffer (50 mM Tris HCl to pH 8.0,
150 mM NaCl, 50 mM EDTA to pH 8.0, 0.5% Sarkosyl, 10 μg/ml RNase A and 1 mg/ml
proteinase K) at 42°C for 1 h. The DNA template was re-isolated by phenol: chloroform
extraction and isopropanol precipitation and transformed into DH5-alpha cells (New
England Biolabs, MA) to measure the repair efficiency. The colonies were subjected to
sequencing analysis. A plasmid-based NHEJ assay was also performed in HeLa cells.
Briefly, pEGFP-C1 vector was linearized with Nhe1 and transfected into HeLa cells. 24 h
after transfection, cells were collected and analyzed by immunoblotting for GFP
expression. The level of GFP was quantified using NIH ImageJ. Finally, the
chromosomal NHEJ assay was performed in a U2OS-derived cell line stably integrated
with a single GFP-reporter cassette (generous gift from Dr. Jeremy Stark at the
Beckman Research Institute of the City of Hope) (2). Briefly, cells were seeded at 3 x
105 cells per well in a 6-well plate one day before siRNA treatment. The cells were
treated with 100 nM siRNA for 5 hr. After removing the siRNA, the cells were grown for
48 hr in fresh medium and transfected with an expression vector of I-SceI endonuclease
(generous gift from Dr. Maria Jasin at Memorial Sloan Kettering Cancer Center). In this
assay, GFP is expressed only after DSBs introduced by I-SceI endonuclease are
repaired, and the level of GFP expression was quantified by immunoblotting.
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PP1 and PNUTS depletion
For PP1 depletion in Xenopus egg extracts, the middle segment (aa 320-539) of
PNUTS was purified on magnetic glutathione beads (Pierce), and incubated in extracts
for 30 min. The beads were removed with a magnet, and remaining extracts were
collected. For immunodepletion of PP1 or PNUTS from Xenopus egg extract, antibodies
were conjugated on anti-rabbit magnetic beads (Pierce), and incubated in extracts for 30
min. The beads were removed with a magnet, and remaining extracts were collected.
Recombinant PP1γ or PNUTS with MBP-tag was expressed in bacteria and purified by
amylose beads. Purified PP1γ or PNUTS was added back into PP1 or PNUTS depleted
extract to do the “rescue” experiments, respectively.
Protein expression, pull-down, kinase assay and mass spectrometry analysis
Five segments of DNA-PKcs, including N (aa 1-174), JK (aa 873-1100), PQR
(aa 1800-2200), ABCDE (aa 2300-2800), and C (aa 2984-4146), were cloned from a
Xenopus oocyte cDNA library, and then inserted into pMBP-parallel vector with an Nterminal MBP-tag. The recombinant proteins were expressed in BL21 bacterial cells and
purified on amylose beads. Xenopus PNUTS expression vectors were described in our
previous study (136). For pull-down assays, MBP- or GST-tagged proteins were
conjugated on amylose or glutathione beads and incubated in Xenopus egg extracts or
human cell lysate. The beads were re-isolated using low speed centrifugation, washed
five times, and then resolved by SDS-PAGE. For DNA-PKcs kinase assay using Xrcc4
as substrate, Xrcc4 cDNA from the pBMM42 vector (a gift from Dr. Martin Gellert,
Addgene plasmid # 13331) was inserted into the pGEX4T vector, expressed in bacterial
cells, purified on beads, and incubated in Xenopus extracts. The beads were then
incubated in a kinase buffer (50mM HEPES, 100 mM KCl, 10mM MgCl2, 0.2 mM EGTA,
0.1 mM EDTA, 1 mM DTT with [γ-32P]-ATP) at 37°C for 30 min. The reaction was
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stopped by the addition of Laemmli buffer. To re-isolate biotinylated DNA
oligonucleotides, biotinylated (dA-dT)70 was bound to streptavidin-coated beads, added
to Xenopus egg extracts, and re-isolated with a magnet. Samples were resolved by
SDS-PAGE and analyzed by immunoblotting or mass spectrometry. For the mass
spectrometric analysis, (dA-dT)70 or PNUTS pull-down samples were first resolved by
SDS-PAGE. The gel sections were dissected and subjected to mass spectrometric
analysis (Taplin mass spectrometry facility, Harvard).
In vitro binding assay
For in vitro binding assay, MBP- or GST-tagged proteins were conjugated on
amylose or glutathione beads and incubated in GST- or MBP- tagged proteins. The
beads were re-isolated using low speed centrifugation, washed five times, and then
resolved by SDS-PAGE.
Statistical analysis
A minimum of three experiments were carried out and the results are shown as
the mean values and standard deviations. Statistical significance was analyzed using an
unpaired 2-tailed Student’s t-test. A p-value<0.05 was considered statistically significant.
Xenopus egg extracts
Xenopus egg extracts were prepared as previously described (136). Briefly, eggs
were rinsed in distilled water and dejellied with 2% cysteine in 1x XB (1 M KCl,10 mM
MgCl2, 100 mM HEPES pH 7.7, and 500 mM sucrose). Eggs were washed in 0.2x MMR
buffer (100 mM NaCl, 2 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 0.1 mM EDTA, 10 mM
HEPES), and activated with Ca2+ ionophore. Eggs were then washed and crushed by
centrifugation at 10,000 g. The cytoplasmic layer was transferred to new tubes,
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supplemented with an energy mix (7.5 mM creatine phosphate, 1 mM ATP, 1 mM
MgCl2), and then further separated by centrifugation at 10,000 g for 15 min.

Results
PP1 and PNUTS are recruited to DNA DSBs in vitro and in vivo.
It is well established that supplementation of double stranded oligonucleotides
that mimic free DSBs in Xenopus egg extracts activates the DNA damage response, in a
manner similar to that in intact mammalian cells (93,96,138). Taking advantage of this
cell-free system, we incubated biotin-labeled poly-(dA-dT)70 oligonucleotides in Xenopus
egg extracts, and then recovered the oligonucleotides while they were in complex with
DSB response and repair proteins in the extract. As expected, the subsequent proteomic
analysis identified a large number of proteins that were known to function in DNA repair,
including PARP1, Fen1, APEX, Rad17, RPA, and others (Fig. 18A). Interestingly,
several catalytic and regulatory subunits of protein phosphatases, including PP1 and
PNUTS, were recovered with the DSB template (Fig. 18A). The association of these
proteins to poly-(dA-dT)70 oligonucleotides was confirmed by immunoblotting (Fig. 18B).
Importantly, both PNUTS and PP1 were recruited to the sites of laser micro-irradiation in
human cells (Fig. 18C & 18D), indicating the evolutionarily-conserved role of these
phosphatase subunits in DSB response and repair.
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Figure 18. PP1 and PNUTS are recruited to DNA damage sites in vitro and in vivo.
(A) As described in Materials and Methods, beads conjugated with biotin-(dA-dT)70 were
incubated in Xenopus egg extracts for 30 minutes, re-isolated, resolved by SDS-PAGE, and
analyzed by mass spectrometry. The identified repair proteins and phosphatase subunits are
shown, along with the numbers of peptides. A control pull-down was performed in Xenopus
egg extracts using beads without oligonucleotides. (B) The biotin-(dA-dT)70 pull-down was
performed as in panel A. The extract input, control pull-down and biotin-(dA-dT)70 pull-down
were analyzed by immunoblotting for Ku70, PNUTS, and PP1γ. (C) HeLa cells transfected
with GFP-PNUTS were subjected to laser microirradiation as described in Materials and
Methods. The fluorescent signal of GFP and immunofluorescent signal of NBS1 phosphoS343 are shown. (D) HeLa cells were subjected to laser microirradiation. The
immunofluorescent signals of PP1γ and ATM phospho-S1981 are shown.
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PP1 is required for efficient DSB repair via NHEJ.
With the identification of PP1 as a protein recruited to DNA damage sites, we
then sought to determine its function in DNA repair. We previously characterized a
plasmid-based DSB repair assay in Xenopus egg extracts to recapitulate the canonical,
Ku-dependent NHEJ pathway (1). Interestingly, we depleted PP1 from Xenopus egg
extracts, and observed a significant reduction of NHEJ (Fig. 19A). The repair deficiency
was efficiently rescued with the add-back of purified PP1γ (Fig. 19A). In our previous
study we showed that the repair of a DSB template with non-compatible ends required
both DNA-PKcs and ATM, whereas the repair of a ligation-compatible template was
dependent on DNA-PKcs but not ATM (1). Here we noted that PP1 was required for the
repair of both types of NHEJ templates (Fig. 19A & 19B). PP1 depletion, however, did
not significant alter the mode of end processing, as judged by the sequence of repair
products (Fig. 20). Moreover, suppression of PP1 expression in human cells disrupted
the repair of a linearized GFP plasmid, confirming the role of PP1 in NHEJ in
mammalian cells (Fig 21). Similarly, downregulation of PP1 reduced the repair of a
chromosomal, I-SceI-induced DSB via NHEJ (Fig. 19C). This NHEJ assay was
characterized in a previous study (2), and confirmed in our experiments using Ku70
suppression (Fig. 22)
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Figure 19. PP1 is required for NHEJ.
(A) PP1 depletion was performed in Xenopus egg extracts using beads conjugated with a
PP1-binding motif derived from PNUTS, as described in Materials and Methods. Extracts
were mock treated with beads alone, depleted of PP1γ with Pnuts-M (Dep), or PP1γ-depleted
and then reconstituted with puriﬁed recombinant MBP-PP1γ (Add-back). As in our previous
study (1), a non-compatible NHEJ template, linearized with Xho1 and Kpn1, was incubated
and the repair efficiency, measured by colony formation, is shown. The level of PP1γ was
monitored by western blotting, and histone served as a loading control. (B) As in our previous
study (1), a compatible NHEJ template linearized with Xho1 was incubated in Xenopus egg
extracts with or without PP1 depletion. The repair efficiency, measured by colony formation, is
shown. (C) The chromosome-integrated, I-SceI-induced NHEJ reporter cell line was
characterized in a previous study (2), and described in Materials and Methods. The cells were
transfected with or without PP1γ siRNA as indicated. The repair efficiency, measured by GFP
expression, is shown. The cell lysates were analyzed by immunoblotting for PP1γ and H2B.
The above experiments were performed at least three times, and the results are shown as the
mean values and standard deviations. Statistical significance was analyzed using an unpaired
2-tailed Student’s t-test. A p-value<0.05 was considered statistically significant.
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Figure 20. PP1 is required for NHEJ
As described in Materials and Methods, HeLa cells were treated with control or PP1γ siRNA.
NHEJ assay was performed using a GFP-expressing template linearized with Nhe1, as
described in Material and Methods. The repair efficiency, measured by GFP expression, is
shown. The cell lysates were analyzed by immunoblotting for PP1 γ and H2B. A minimum of
three experiments were carried out and the results are shown as the mean values and
standard deviations.
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Figure 21. PP1 depletion did not significant alter the mode of end processing.
The 24 final repair products from Fig. 19A were isolated from bacteria colonies and subjected
to sequencing analysis. The repair product with large-fragment deletion (200 bp-2 kb) was
determined by agarose gel electrophoresis (data not shown).
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Figure 22. The chromosomal, I-SceI-induced DSB repair is via NHEJ.
As described in Materials and Methods, the chromosome-integrated, I-SceI-induced NHEJ
reporter cell line was characterized in a previous study (36), The cells were transfected with
or without Ku70 siRNA as indicated. The repair efficiency, measured by GFP expression, is
shown. The cell lysates were analyzed by immunoblotting for Ku70 and β-actin. A minimum of
three experiments were carried out and the results are shown as the mean values and
standard deviations.
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PP1 regulates the phosphorylation and activation of DNA-PKcs.
A number of NHEJ proteins are phosphorylated after DNA damage. Among
them, phosphorylation of DNA-PKcs plays a crucial role in NHEJ (10,92,106,116). We
speculated that PP1 may function by modulating DNA-PKcs, in part, because we
showed that PP1 was required for the repair of both compatible and non-compatible
NHEJ templates. In support of this notion, PP1 depletion did not impact NHEJ in the
presence of a DNA-PKcs inhibitor (Fig. 23A). In dissecting the molecular details by
which PP1 modulates DNA-PKcs, we discovered the loss of DNA-PKcs
autophosphorylation at Ser-2056 with the depletion of PP1 (Fig. 23B). By comparison,
DNA-PKcs phosphorylation at Thr-2609, mediated primarily by ATM was rather
increased (Fig. 23B). We further confirmed that PP1 depletion blocked DNA-PKcs
kinase activation after DNA damage, as measured by an in vitro kinase assay using
Xrcc4 as substrate (Fig. 23C) (139). The reduced DNA-PKcs phosphorylation at Ser2056 was also seen with immunodepletion of PP1β, or, to a lesser extent, PP1γ (Fig
23D). Importantly, a conserved role of PP1 was observed in human cells: knockdown of
PP1γ using two distinct siRNAs significantly reduced DNA-PKcs autophosphorylation at
Ser-2056, but not Smc1 phosphorylation mediated by ATM/ATR (Fig. 23E & 24). To
shed more light on PP1-dependent regulation of DNA-PKcs and evaluate the hypothesis
that various clusters of DNA-PKcs phosphorylation sites are differentially regulated by
distinct phosphatases, we expressed several motifs of DNA-PKcs and probed for their
associations with phosphatases. Interestingly, in both human cell lysates and Xenopus
egg extracts, PP1 bound the far N-terminal region, PQR cluster, and ABCDE cluster of
the DNA-PKcs. PP6 exhibited the same pattern of DNA-PKcs association as PP1,
whereas PP5 associated exclusively with the C-terminal region that contains the kinase
domain (Fig. 23F). A similar pattern of protein associations was observed also in
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Xenopus egg extracts (Fig. 25). Furthermore, co-immunoprecipitation experiments
confirmed the association of DNA-PKcs with PP1, PP5, and PP6 at the endogenous
level (Fig.23G, 23H,23I & 23J).
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Figure 23. PP1 functions in NHEJ via regulation of DNA-PKcs.
(A) The linearized NHEJ template was repaired in Xenopus egg extracts, as in Fig. 19B. The
extracts were treated with PP1 depletion (using the PP-binding motif of PNUTS), or a DNAPKcs inhibitor (NU7441, 20 μM), as indicated. The repair efficiency, measured by colony
formation, is shown. Extract samples were analyzed by immunoblotting for DNA-PKcs
phospho-S2056, PP1γ and H2B. A minimum of three experiments were carried out and the
results are shown as the mean values and standard deviations. Statistical significance was
analyzed using an unpaired 2-tailed Student’s t-test. A p-value<0.05 was considered
statistically significant. (B) Xenopus egg extracts with or without PP1 depletion (using the PPbinding motif of PNUTS) were treated with 20 ng/μl of (dA-dT)70 as indicated. Immunoblots of
DNA-PKcs phospho-S2056, DNA-PKcs phospho-T2609, DNA-PK, PP1β, PP1γ and H2B are
shown. (C) In vitro DNA-PKcs kinase assay was performed using Xrcc4 as substrate, as
described in Materials and Methods. The autoradiography and Coomassie stain of Xrcc4 are
shown. (D) Xenopus egg extracts were immunodepleted of PP1β, PP1γ, or both. The extracts
were treated with (dA-dT)70 for 30 min and analyzed by immunoblotting for DNA-PKcs
phospho-S2056, DNA-PKcs, PP1β, PP1γ and H2B. (E) HeLa cells were transfected with
control or PP1γ siRNA, treated with 10 Gy IR, and incubated as indicated. Immunoblots of
DNA-PKcs phospho-S2056, DNA-PKcs, Smc1 phospho-S957, PP1γ and H2B are shown. (F)
Five segments of DNA-PKcs (N, JK, PQR, ABCDE and C) were expressed with MBP-tag, and
puriﬁed on amylose beads, as described in Materials and Methods. The beads were then
incubated in HeLa cell lysates, re-isolated, and analyzed by immunoblotting. “ctr” sample was
a mock pull-down using empty amylose beads. (G-I) PP1γ (G), PP5 (H), PP6 (I) IP, and (J)
DNA-PKcs IP were performed in in the lysates of HeLa cell with or without doxorubicin
treatment. The lysate input, control IP, and PP1γ IP products were analyzed by
immunoblotting for DNA-PKcs, Ku70, and PP1γ, PP5, PP6, and DNA-PKcs as indicated.
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Figure 24. PP1 functions in NHEJ via regulation of DNA-PKcs.
PP1γ siRNA, which was different from that used in Fig. 23E, was transfected into HeLa cells,
treated with 10 Gy IR, and incubated as indicated. Immunoblots of DNA-PKcs phosphoS2056, DNA-PKcs, Smc1 phospho-S957, PP1γ and H2B are shown.
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Figure 25. PP1 associates with multiple regions of DNA-PKcs.
Five segments of DNA-PKcs (N, JK, PQR, ABCDE and C) were purified as in Fig. 23F. Pulldown experiments were performed using these segments in Xenopus egg extracts and
analyzed by immunoblotting. A mock pull-down using empty amylose beads were performed
as control (Ctr).
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PNUTS controls the DNA damage response and repair.
In addition to PP1, we identified PNUTS as DSB binding protein in both Xenopus
egg extracts and human cells. Because PNUTS is known as an inhibitory regulator of
PP1, we hypothesized that PNUTS plays a role in the DNA damage response via
modulating PP1 and sought to investigate the functional impact of PNUTS upregulation
and downregulation on DNA damage-induced signaling, repair, and survival.
Interestingly, addition of PNUTS in Xenopus egg extracts reduced checkpoint signaling,
as judged by the phosphorylation of BRCA1, Chk2, Smc1, and Chk1 (Fig. 26A). By
comparison, a PP1-binding deficient mutant of PNUTS did not effectively suppress DNA
damage signaling, suggesting that PNUTS functions in the DNA damage response
largely via PP1 (Fig. 26A). Similarly, expression of exogenous PNUTS rendered human
cells resistant to doxorubicin-induced DNA damage, as shown by the diminished DNA
damage signaling and attenuated induction of cell death (Fig. 26B& 26C). Conversely,
PNUTS knockdown sensitized the cell response to doxorubicin (Fig. 26D). Moreover, we
showed that PNUTS knockdown impaired DNA repair, as indicated by the persistence of
γ-H2AX after IR (Fig. 26E, 26F & 26G). The repair deficiency caused by PNUTS
knockdown was rescued with the expression of exogenous PNUTS (Fig. 27). Thus,
these findings underscore an essential role of PNUTS in the DNA damage response,
and the potential of targeting PNUTS as a new approach to sensitize cancer
chemotherapy.
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Figure 26. PNUTS mediates the DNA damage response and repair.
(A) Xenopus egg extracts were supplemented with (dA-dT)70 (DNA damage), WT or W393A
PNUTS, as indicated, and incubated for 30 minutes. The extract samples were analyzed by
immunoblotting for Brca1 phospho-S1524, Chk2 phospho-T387, Smc1 phospho-S957, Chk1
phospho-S317, and Chk1. The relative intensity of Chk1 phospho-S317 / Chk1 was measured
using NIH Image J and shown in the lower panel. (B) HeLa cells were transfected with GFPPNUTS, and treated with 5 μM doxorubicin for 4 hours, as indicated. The cell lysates were
analyzed by immunoblotting for ATM phospho-S1981, Chk2 phospho-T68, Chk1 phoshpoS296, GFP, and H2B. (C) HeLa cells with or without GFP-PNUTS expression were treated
with doxorubicin for 24 hours. Cell death was measured by trypan blue excursion, as
described in Materials and Methods. (D) HeLa cells were treated with PNUTS siRNA and
doxorubicin, as indicated. The cell number of each day was normalized to that of the first day
for the relative cell viability. (E) HeLa cells with control or PNUTS siRNA were irradiated with
4 Gy IR and incubated as indicated. The cell lysates were analyzed by immunoblotting for γH2AX, PNUTS and β-actin. (F, G) HeLa cells treated as in panel E were examined by
immunofluorescence for γ-H2AX. The average numbers of γ-H2AX foci were counted (F) and
representative images of cells stained for γ-H2AX (in red) and DAPI (in blue) were shown. At
least 100 cells were analyzed for γ-H2AX foci. In the above panels, a minimum of three
experiments were carried out and the results are shown as the mean values and standard
deviations.
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Figure 27. PNUTS is required for the efficient DSB repair.
As described in Materials and Methods, HeLa cells were mock treated with control, depleted
of PNUTS with PNUTS siRNA, or PNUTS-depleted and then reconstituted with siRNA
resistant GFP-PNUTS. With doxorubicin treatment for 4h, the cell lysates were analyzed by
immunoblotting for PNUTS, γ-H2AX and β-actin.
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PNUTS is required for NHEJ in Xenopus egg extract and human cells.
As we characterized PNUTS as an important regulator of DNA repair after IR or
doxorubicin, we further reasoned that PNUTS is involved in NHEJ, given that we
revealed the role of PP1 in regulation of NHEJ via DNA-PKcs. Interestingly, PNUTS
knockdown significantly reduced the repair efficiency of the plasmid-based NHEJ
template in HeLa cells, and expression of exogenous PNUTS partially restored the
repair deficiency (Fig. 28A). A consistent role PNUTS in NHEJ was also demonstrated
using the chromosomal, I-SceI-induced NHEJ template (Fig. 28B). Furthermore, in
Xenopus egg extracts, the depletion of PNUTS reduced NHEJ which was partially
rescued by the add-back of purified PNUTS protein (Fig. 29).
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Figure 28. PNUTS is required for NHEJ in Xenopus egg extract and human cells.
(A) As described in Materials and Methods, HeLa cells were treated with control (Ctr) or
PNUTS siRNA or treated with PNUTS siRNA and then reconstituted with siRNA resistant
GFP-PNUTS (Add-back). NHEJ assay was performed using a GFP-expressing template
linearized with Nhe1, as described in Material and Methods. The repair efficiency, measured
by GFP expression, is shown. The cell lysates were analyzed by immunoblotting for PNUTS
and β-actin. (B) The chromosomal NHEJ reporter cells were transfected with control or
PNUTS siRNA. The cell lysates were analyzed by immunoblotting for PNUTS and β-actin.
The chromosomal NHEJ assay was performed as in Fig. 19C. The repair efficiency,
measured by GFP expression, is shown. A minimum of three experiments were carried out in
the above panels, and the results are shown as the mean values and standard deviations.
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Figure 29. PNUTS is required the efficient DNA repair via NHEJ.
The immunodepletion of PNUTS was performed in Xenopus egg extracts as described in
Materials and Methods. Extracts were mock treated with beads alone, depleted of PNUTS
(Dep), or PNUTS-depleted and then reconstituted with puriﬁed recombinant MBP-PNUTS
(Add-back). The mock or PNUTS-depleted extracts were analyzed by immunoblotting for
PNUTS and H2B. The NHEJ assay was carried out in Xenopus egg extracts as in Fig. 19A.
The repair activity was measured by colony formation and compared. A minimum of three
experiments were carried out and the results are shown as the mean values and standard
deviations.
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PNUTS associates with Ku proteins and regulates DNA-PKcs phosphorylation.
To reveal unbiased insights into the role of PNUTS, we biochemically isolated
PNUTS from Xenopus egg extracts, and identified the associated proteins using mass
spectrometry (Fig. 30A). Consistent with the role of PNUTS in DNA repair, this proteomic
analysis recovered a number of DSB repair proteins (Fig. 30A). Among these proteins,
we consistently observed a strong association between PNUTS and Ku70 (Fig. 30B).
The PNUTS and Ku proteins association in human cells was confirmed at the
endogenous level by the reciprocal IP of Ku70 or PNUTS (Fig. 30C & 30D). The PNUTS
and Ku proteins association appeared constitutive and was not dependent on DNA
damage (Fig. 30C). In Xenopus egg extracts, both the N- and C-termini of PNUTS
bound Ku70, suggesting the existence of multiple Ku-binding motifs (Fig. 30E). We also
considered the possibility of an indirect interaction between PNUTS and Ku70 complex
mediated by independent binding of both protein complexes to DNA. To test this
possibility, we treated immunoprecipitates with ethidium bromide (EtBr) or DNase I, EtBr
or DNase I treatment of immunoprecipitates, did not affect the PNUTS/Ku70 complex
interaction as well. Furthermore, we performed in vitro binding assay to confirm the
direct association between Ku70 and PNUTS (Fig. 31), these results suggested that this
interaction is not via DNA-protein interactions.
Our earlier finding that PP1 regulates DNA-PKcs activation and phosphorylation
prompted us to examine the role of PNUTS in this process. Interestingly,
immunodepletion of PNUTS in Xenopus egg extracts reduced DNA-PKcs
phosphorylation at both Ser-2056 and Thr-2609 (Fig. 30F). Consistently, PNUTS
knockdown in human cells also reduced the phosphorylation of DNA-PK at Ser-2056
and Thr-2609 (Fig. 30G).
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Figure 30. PNUTS associates with the Ku protein complex and regulates DNA-PKcs
phosphorylation.
(A) MBP-PNUTS pull-down was performed in Xenopus egg extracts. The pull-down product
was resolved by SDS-PAGE and analyzed by mass spectrometry. A number of DNA repair
proteins were identified as binding patterns of PNUTS, as shown here with the numbers of
peptides. A control pull-down was performed in Xenopus egg extracts using beads without
MBP-PNUTS. (B) PNUTS pull-down was performed as in panel A. The extract input, control
pull-down, and PNUTS pull-down samples were analyzed by immunoblotting for Ku70,
PNUTS, and Rad52. “ctr” sample was a mock pull-down using empty amylose beads. (C)
Ku70 IP was performed in the lysates of HeLa cell with or without IR-treatment. The lysate
input, control IP, and Ku70 IP products were analyzed by immunoblotting for PNUTS, Ku70
and Ku80. (D) PNUTS IP was performed in HeLa cell lysates. The lysate input, control IP, and
PNUTS IP products were analyzed by immunoblotting for PNUTS, Ku70 and Ku80. (E) Three
segments of PNUTS (N, M and C) were expressed with an N-terminal GST tag, and puriﬁed
on glutathione beads, as described in Materials and Methods. The beads were incubated in
Xenopus egg extracts, re-isolated, and analyzed by immunoblotting for Ku70 and GST. A
mock pull-down using empty glutathione beads was performed as control (Ctr). (F) Xenopus
egg extracts with or without PNUTS depletion were treated with (dA-dT)70, as indicated. The
extract samples were analyzed by immunoblotting for DNA-PKcs phospho-S2056, DNA-PKcs
phospho-T2609, DNA-PKcs, PNUTS and H2B. (G) HeLa cells were treated with PNUTS
siRNA and 10 Gy IR, as indicated. The cell lysates were analyzed by immunoblotting for
DNA-PKcs phospho-S2056, DNA-PKcs phospho-T2609, DNA-PKcs, PNUTS and H2B. (H)
PP1 and PNUTS fine-tune the dynamic, and complex pattern of DNA-PKcs phosphorylation.
PP1 is required for DNA-PKcs activation after DNA damage, presumably via
dephosphorylation of multiple sites within the N, PQR and ABCDE regions. PNUTS
modulates the action of PP1 toward S2056 and T2609, as the proper phosphorylation of
these sites are required for end processing and ligation.
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Figure 31. The interaction between PNUTS and Ku70 is not via DNA-protein
interactions.
(A) HeLa cell lysates were treated with 50 µg/ml ethidium bromide (EtBr) on ice for 30 min.
Ku70 IP was performed in the lysates of HeLa cell with or without EtBr treatment. The lysate
input, control IP, and Ku70 IP products were analyzed by immunoblotting for PNUTS and
Ku70. (B) HeLa cell lysates were treated with 100 µg/ml DNase I for 20 min at 37°C. PNUTS
IP was performed in the lysates of HeLa cell with or without DNase I treatment. The lysate
input, control IP, and PNUTS IP products were analyzed by immunoblotting for Ku70 and
PNUTS. (C) As described in Materials and Methods, GST-Ku70 proteins were conjugated on
glutathione beads, and incubated in MBP-PNUTS proteins lysate. The beads were re-isolated
using low speed centrifugation, washed five times, and then resolved by SDS-PAGE. The
products were analyzed by immunoblotting for PNUTS and Ku70. (D) As described in
Materials and Methods, GST-PNUTS proteins were conjugated on glutathione beads, and
incubated in MBP-Ku70 proteins lysate. The beads were re-isolated using low speed
centrifugation, washed five times, and then resolved by SDS-PAGE. The products were
analyzed by immunoblotting for Ku70 and PNUTS and Ku70.
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Discussion
Using an unbiased proteomic approach, our study identified PP1 and PNUTS as
binding proteins of double-stranded oligonucleotides in Xenopus egg extracts. We
subsequently confirmed their recruitment to laser-induced DNA damage sites in human
cells. To our knowledge, this study provides the first evidence that PP1, a major Ser/Thr
phosphatase, accumulates at DNA damage foci. On the other hand, the identification of
PNUTS as a DNA damage response factor is consistent with several existing studies.
PNUTS was found as one of the proteins that bound DNA adducts generated by
platinum-based DNA damaging drugs (129). Moreover, a recent study reported that
PNUTS is recruited to DNA damage sites and that PNUTS depletion led to prolonged
DNA damage foci (66). Expression of PNUTS suppressed the apoptosis of
cardiomyocytes treated with DNA damaging agents (131). These existing findings
suggested that PNUTS may function to suppress DNA damage signaling, and/or
promote DNA repair. Here we characterized the essential role of PP1 and PNUTS in
NHEJ, a major DSB repair mechanism. Our study further discovered that PP1 and
PNUTS fine-tune the DNA damage-induced phosphorylation and activation of DNAPKcs (Fig. 30H).
DNA-PK complex recognizes DSB ends and plays a central role in NHEJ by
orchestrating end processing and ligation. The function and dynamics of DNA-PK are
regulated by its phosphorylation, catalyzed largely by DNA-PKcs itself. It has been
shown that DNA damage induces phosphorylation of DNA-PKcs at several dozen sites
throughout the protein. Mutational studies revealed at least thirteen sites that are
functionally important. Many of these phosphorylation sites are localized within several
clusters, and phosphorylation of each cluster may influence the function of DNA-PK in a
distinct manner (47,117). As the better-studied examples, DNA-PKcs phosphorylation at
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the ABCDE cluster, including Thr-2609, by both ATM and DNA-PKcs facilitates Artemis
recruitment and end resection, whereas autophosphorylation at Ser-2056 in the PQR
cluster limits end-processing. A number of additional DNA-PKcs autophosphorylation
sites were identified within the N-terminal and C-terminal motifs, and studies revealed
that these modifications suppress the kinase activation of DNA-PKcs (47,53,55,117119). Presumably, a phosphatase is required to dephosphorylate these inhibitory
phosphorylation sites to permit DNA-PKcs activation after DNA damage. The complex
and sometimes opposing role of DNA-PKcs phosphorylation suggests dynamic and sitespecific regulation of these modifications. Because most of these sites are commonly
phosphorylated by DNA-PKcs and ATM/ATR, a very interesting idea to account for the
regulatory complexity is that these phosphorylation clusters are differentially
dephosphorylated by various phosphatases.
We showed in this study that PP1 binds the ABCDE and PQR clusters, and the
far N-terminal region, but not the JK cluster or the C-terminal kinase domain of DNAPKcs. We confirmed that PP1 is required for the kinase activation of DNA-PKcs after
DNA damage, consistent with the essential role of PP1 in NHEJ. As autophosphorylation
of residues within the N-terminal region inactivates DNA-PKcs, we reason that PP1 is
responsible for the dephosphorylation of these residues to facilitate DNA-PKcs
activation. This notion shall be further investigated in the future when phospho-specific
antibodies against these sites become available. Furthermore, depletion of PP1 led to
accumulation of Thr-2609 phosphorylation, supporting a role of PP1 in
dephosphorylation of Thr-2609 and other sites of the ABCDE cluster. In contrast, PP1
depletion reduced the level of Ser-2056 autophosphorylation, which was seemingly
counterintuitive, as phosphatases are known to mediate protein dephosphorylation.
However, the loss of Ser-2056 phosphorylation after PP1 depletion is in line with our
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finding that PP1 was required for DNA-PKcs activation, given that Ser-2056 is an
autophosphorylation site. Thus, we speculate the under the condition of PP1 depletion,
phosphorylation of Ser-2056 is inefficient due to the lack of DNA-PKcs activation,
whereas dephosphorylation of Ser-2056 can still be mediated by other phosphatases,
such as PP6 which binds this region of DNA-PKcs.
PNUTS has been characterized as an inhibitory regulator of PP1 in the nucleus.
Our study indicated that PNUTS is a strong binding-pattern of the DNA-PK complex. We
speculated that PNUTS participates in the DNA damage response via modulation of
PP1, because the expression of a PP1-binding deficient mutant form of PNUTS failed to
influence DNA damage signaling. Consistent with the role of PP1 in regulation of DNAPKcs phosphorylation, we showed that PNUTS is indispensable for the phosphorylation
of DNA-PKcs at both Ser-2056 and Thr-2609, the essential sites for the subsequent end
processing and ligation. We hypothesize that, regardless if PP1 targets Ser-2056 and
Thr-2609 under normal circumstance, in the absence of PNUTS, these sites are
prematurely dephosphorylated by PP1, resulting in deficient NHEJ (Fig. 30H). Finally,
we ruled out the possibility that PP1 or PNUTS indirectly influences NHEJ by modulating
the expression of core NHEJ factors. The levels DNAL IV, XRCC4, Ku70, Ku80, DNAPKcs, and Artemis were unchanged with PP1 or PNUTS knockdown (Fig. 32).
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Figure 32. PP1 or PNUTS didn’t indirectly influences NHEJ by modulating the
expression of core NHEJ factors.
(A) PP1 depletion was performed in Xenopus egg extracts. The levels of known NHEJ repair
proteins, including Artemis, DNAL IV, Ku70/Ku80, XRCC4 and DNA-PKcs, were analyzed by
immunoblotting. The level of PP1γ was monitored by immunoblotting, and that of histone H2B
served as a loading control. (B) PP1γ knockdown was performed in HeLa cells using siRNA.
The levels of PP1γ, H2B, DNAL IV, Ku70/Ku80, XRCC4 and DNA-PKcs, were analyzed by
immunoblotting. (C) PNUTS knockdown was performed in HeLa cells using siRNA. The levels
of PNUTS, β-actin, DNAL IV, Ku70/Ku80, XRCC4 and DNA-PKcs, were analyzed by
immunoblotting.
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PP1 and other phosphatases have been previously shown to deactivate the DNA
damage response after the completion of DNA repair, and thereby, returning the cell to
the unperturbed state. Importantly, our study revealed a new role of PP1 as an early and
upstream regulator of DSB repair by controlling DNA-PKcs dephosphorylation and
activation. Interestingly, RIF1, a repair factor that promotes NHEJ and suppresses HR, is
itself a targeting subunit of PP1 (140-143). BRCA1, another important DSB repair factor,
is also a PP1-binding protein. Previous studies demonstrated that mutations within the
PP1-binding motif of BRCA1 impaired DNA Repair, and that BRCA1 modulates DNAPKcs autophosphorylation in S phase (144,145). Therefore, the function and regulation
of PP1 in DSB repair, and its relationship with other repair proteins, remain to be
clarified. Previous studies also suggested the involvement of other phosphatases in
regulation of DNA-PKcs, including PP5 and PP6 (121-123). We showed that PP6 binds
the ABCDE and PQR clusters and the N-terminal region, suggesting that PP6 may play
a redundant role with PP1. On the other hand, PP5 binds exclusively the C-terminal
kinase domain of DNA-PKcs. Because it has been shown that PP5 positively modulates
the kinase activation of DNA-PKcs, ATM and ATR (122,146,147), a general role of PP5
in regulation of the kinase domains of these PIKK family members is worthy of future
investigation.
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CHAPTER 3: KINESIN KIF2C/MCAK IN REGULATION OF DNA
DOUBLE STRAND BREAK DYNAMICS AND REPAIR
Introduction
DNA damage is frequently induced by both endogenous metabolic products and
exogenous genotoxic agents. Upon DNA damage, the cell promptly activates the cellular
DNA damage response (DDR), a surveillance mechanism that leads to DNA repair, cell
cycle arrest (checkpoint), and apoptosis (148-150). Among all types of DNA damage,
DNA double strand break (DSB) is of great toxicity and deleterious consequences. It is
therefore crucial for the cell to efficiently repair DSBs, whereas defects in DSB repair
have been linked to cancer, immunodeficiency, neurological diseases, and aging
(87,151,152).
The cell employs two major evolutionarily-conserved mechanisms, nonhomologous end joining (NHEJ) and homologous recombination (HR) to repair DNA
DSBs (87,88). HR restores the broken DNA strands using an intact strand as template
and is available in S and G2 phases after replication of chromatin DNA. By comparison,
NHEJ directly religates the two broken ends of a DSB and is accessible throughout the
entire interphase (21,90). In addition to these core pathways of DSB repair, the
spatiotemporal regulation of DSBs has emerged as new aspect of DNA repair (153-156).
Potentially, the physical mobility of DSBs, propelled and navigated via as-yet
uncharacterized mechanisms, mediates the subnuclear organization and positioning of
DSBs to facilitate DNA repair.
Microtubules (MTs) are composed of α/β tubulin dimers, and responsible for a
variety of cell movements, including the intracellular transport of various vesicles and
organelles, and separation of chromosomes in mitosis (157-159). For example, various
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cargos, including proteins, nucleic acids and organelles, can be moved along MTs by the
action of motor proteins which utilize ATP hydrolysis to produce force and movement
(157-159). A major group of molecular motors that are involved in intracellular transport
are kinesins, also known as Kif (kinesin superfamily protein). There are several dozen
Kifs in mammalian cells to constitute at least 14 kinesin families (160,161). Unlike most
kinesins, Kif2c and other members of the kinesin-13 family do not utilize their ATPase
activities to transport cargos, but rather to depolymerize MTs by disassembling tubulin
subunits (160,162,163). In this study we identify and characterize Kif2c as a new factor
involved in DSB repair; Kif2c is required for efficient DSB repair via both HR and NHEJ;
and finally, Kif2c facilitates DSB mobility and modulates the formation, dissolution, and
fusion of DNA damage foci.

Materials and Methods
Cell Culture, transfection and treatment
Human cervix carcinoma (HeLa) and bone osteosarcoma epithelial (U2OS) lines,
authenticated by ATCC, were maintained in Dulbecco’s modified Eagle medium (DMEM,
Hyclone) with 10% fetal bovine serum (FBS, Hyclone). Human head and neck
squamous cell carcinoma UM-SCC-38 cells were authenticated and maintained as in
previous studies (164,165). Cell viability and death assays were performed as in our
previous study (135). Briefly, cells were incubated for 1-4 days. The numbers of viable
cells were counted using a hemocytometer. To measure cell death, trypan blue staining
was performed by mixing 0.4% trypan blue in PBS with cell suspension at a 1:10 ratio.
Ionized radiation was performed using an X-ray cabinet (RS-2000 Biological irradiator).
Transfection of expression vectors was carried out using lipofectamine 2000 (Invitrogen)
following the protocol recommended by the manufacturer. SiRNA targeting Kif2c (5’AUCUGGAGAACCAA GCAU-3’, Integrated DNA Technologies) was transfected into
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cells using Lipofectamine RNAi MAX (Invitrogen). A non-targeting control siRNA was
used as a control.
Cloning and mutagenesis
Xenopus Kif2c gene was cloned from a Xenopus oocyte cDNA library and
inserted into a pMBP vector with an N-terminal MBP-tag. ΔM (aa 117-540 deleted) Kif2c
was derived from full length Xenopus Kif2c, and then inserted into the pMBP vector.
Kif2c G495A and siRNA-resistant mutants were generated using site-directed
mutagenesis (Agilent) following the protocol recommended by the manufacturer. The
human Kif2c expression vector was obtained from Addgene (mEmerald-MCAK-C-7, a
gift from Michael Davidson via Addgene, plasmid # 54161).
DNA binding assay
Biotin labeled dA-dT oligonucleotides were characterized in our previous study
(166). Biotin labeled double strand DNA fragment (dsDNA, 500 bp) was generated using
biotin-11-ddUTP (Thermo Scientific, #R0081) incorporation, and PCR amplification using
Taq polymerase and a pMBP vector. Biotin-labeled DNA or biotin dA-dT was conjugated
on streptavidin magnetic beads (New England Biolabs, #S1420S) and incubated in
Xenopus egg extracts and HeLa cell lysates. The beads were re-isolated using a
magnet, washed five times, and then resolved by SDS-PAGE.
HR and NHEJ assays
Homologous recombination assay was performed in a HeLa-derived cell line
stably integrated with a DR-GFP reporter cassette (generous gift from Dr. Jeffrey Parvin
at the Ohio State University). The reporter consisted of direct repeats of two differentially
mutated green fluorescent proteins (GFP), Sce GFP and iGFP. SceGFP contains an ISceI recognition site and in-frame termination codons. An 812-bp internal GFP fragment
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(iGFP) was used by HR to repair the DSB. Briefly, cells were seeded at 3 x 105 cells per
well in a 6-well plate one day before siRNA treatment. After removing the siRNA, the
cells were grown for 48 hr in fresh medium and transfected with an expression vector of
I-SceI endonuclease (generous gift from Dr. Maria Jasin at Memorial Sloan Kettering
Cancer Center). In this assay, a full-length GFP is expressed only after DSBs introduced
by I-SceI endonuclease are repaired by HR, and the level of full-length GFP expression
was quantified by immunoblotting and NIH ImageJ.
The NHEJ assay using U2OS-EJ5 (generous gift from Dr. Jeremy Stark at the
Beckman Research Institute of the City of Hope) was performed as reported earlier
(167). Briefly, cells were seeded at 3 x 105 cells per well in a 6-well plate 24hr before
siRNA treatment. After removing the siRNA, the cells were grown for 48 hr in fresh
medium and transfected with an expression vector of I-SceI endonuclease. In this assay,
GFP is expressed only after DSBs introduced by I-SceI endonuclease are repaired by
NHEJ, and the level of GFP expression was quantified by immunoblotting and NIH
ImageJ.
Immunoblotting
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblotting were carried out as previously described (168), using the following
antibodies: γ-H2AX (A300-081A-M), and Ku80 (A302-627A-T) from Bethyl Laboratories
(Montgomery, TX); ATM (sc-377293), DNA-PKcs (sc-390849), GFP (sc-9996), γ-H2AX
(sc-517348), Kif2c (sc-81305), and Ku70 (sc-56129), from Santa Cruz Biotechnology
(Dallas, TX); H2B (ab1790-100) and α-tubulin (ab7291) from Abcam (Cambridge, MA);
β-actin (#4970T) from Cell Signaling Technology (Beverly, MA); and Artemis
(GTX100128) from GeneTex (Irvine, CA).
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Immunofluorescence and imaging
Immunofluorescence was performed as previous described (137). Cells were
grown on coverglasses, washed with PBS twice, and fixed with 3% formaldehyde with
0.1% Triton X-100 for 30min. 0.05% Saponin containing PBS was used to permeabilize
the fixed cells followed by blocking with 5% goat serum for 30 min. Primary antibodies
were diluted in blocking buffer and incubated with the cells for 2 hr. The cells were then
incubated with Alexa Fluor secondary antibodies (Invitrogen, 1: 2,000) for 1 hr at room
temperature. The nuclei of cells were stained with 4',6-diamidino-2-phenylindole (DAPI),
and the stained cells were imaged using a Zeiss Axiovert 200M inverted fluorescence
microscope at the UNMC Advanced Microscopy Core Facility. Laser microirradiation
was performed using 405nm laser under the Zeiss Axiovert 200M Microscope with
Marianas Software (Intelligent Imaging Innovations, Inc. Denver, CO).
Microscopic analysis of DNA damage foci mobility and dynamics
Image acquisition was carried out using a Zeiss spinning disk confocal
microscopy system equipped with av63× Planaprochromat oil objective. Z-stack images
were acquired at 0.5-μm intervals covering a range from 6-8 μm. 2D-maximum intensity
projection images were obtained using the ZEN blue software. Foci tracking was
performed using ImageJ (NIH), and the foci number was quantified using the automatic
particle counting option. Data analysis and presentation was performed using Excel
(Microsoft) and KaleidaGraph (Synergy). Student’s t-test was used for statistical
analysis. Mean-square displacement was calculated as previously described
(Lottersberger et al., 2015) using the following equation
𝑛

1
𝑀𝑆𝐷(∆t) = ∑ 𝐷𝑖(∆t)2
𝑛
𝑖=1
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Where

𝑖
𝐺𝐶
𝑖
𝐺𝐶
𝐷𝑖(∆𝑡) = √((𝑥𝑡𝑖 − 𝑥𝑡𝐺𝐶 ) − (𝑥𝑡−∆𝑡
− 𝑥𝑡−∆𝑡
− 𝑦𝑡−∆𝑡
))2 + ((𝑦𝑡𝑖 − 𝑦𝑡𝐺𝐶 ) − (𝑦𝑡−∆𝑡
))2

Diffusion coefficient D was calculated as D = m/4, where m is the slope of the MSD after
fitting to a linear curve.
Pull-down assay
For Kif2c pull-down assays, MBP Kif2c WT and mutants were expressed in BL21
bacteria cell, purified on amylose beads, and then incubated in Xenopus egg extracts for
1hr at room temperature. The beads were re-isolated using low speed centrifugation,
washed five times, and then resolved by SDS-PAGE. For plasmid DNA pull-down
assays, pMBP plasmid was either uncut or linearized by EcoRV endonuclease (New
England Biolabs, #R3195). MBP-Kif2c was conjugated on amylose beads and incubated
in Xenopus egg extracts supplemented with either uncut or linearized plasmid for 1hr at
room temperature. The beads were re-isolated using low speed centrifugation, washed
five times, and then boiled in distilled water. The samples were used as templates for
PCR with Taq Polymerase.
Xenopus egg extracts
Xenopus egg extracts were prepared as previously described (168). Briefly, eggs
were rinsed in distilled water and de-jellied with 2% cysteine in 1x XB (1 M KCl,10 mM
MgCl2, 100 mM HEPES pH 7.7, and 500 mM sucrose). Eggs were washed in 0.2x MMR
buffer (100 mM NaCl, 2 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 0.1 mM EDTA, 10 mM
HEPES), and activated with Ca2+ ionophore. Eggs were then washed and crushed by
centrifugation at 10,000 g. The cytoplasmic layer was transferred to new tubes,
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supplemented with an energy mix (7.5 mM creatine phosphate, 1 mM ATP, 1 mM
MgCl2), and then further separated by centrifugation at 10,000 g for 15 min.

Results
As described in our previous study (167), we utilized DNA DSB-mimicking dA-dT
oligonucleotides to isolate associated proteins in Xenopus egg extract, a cell-free system
well-defined for studying DNA damage repair and signaling (93,169). Along with many
factors known to be involved in DSB repair, Kif2c was proteomically identified as a coprecipitated protein of dA-dT. We confirmed, in both Xenopus egg extracts and human
cell lysates, that Kif2c bound another, and longer DSB-mimicking template (Fig. 33A &
33B). We then supplemented in the extract either uncut, circular plasmid DNA, or
linearized plasmid DNA with free DSB ends. Interestingly, Kif2c associated specifically
with the cut plasmid DNA (Fig. 33C), further indicating that Kif2c is a DSB-associated
protein. Kif2c contains an internally localized motor domain that catalyzes ATP
hydrolysis and MT depolymerization, and deletion of this motor domain ablated the
association of Kif2c with cut plasmid DNA in Xenopus egg extracts (Fig. 33D).
The identification of Kif2c as a potential DSB-associated protein was unexpected,
given that MT assembly is viewed as a cytoplasmic event, except in mitosis after nuclear
envelop breakdown. On the other hand, however, Kif2c is known to be primarily nuclear
localized in interphase cells, and the function of Kif2c in intra-nuclear events is largely
unknown. We showed in HeLa cells that Kif2c was recruited to DNA damage sites
induced by laser microirradiation (Fig. 33E). Kif2c was enriched at laser-irradiated sites
within 1 min, indicating it as an early responder of DNA damage (Fig. 33E & 33F). We
confirmed subsequently that both recombinant and endogenous Kif2c co-localized with
DNA damage foci induced by ionized radiation (IR, Fig. 34 & 35).
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Figure 33. Kif2c associates with DNA double strands breaks in vitro and in vivo.
(A) Beads conjugated with a biotin-double stranded DNA fragment (dsDNA, 500 bp, as
described in Materials and Methods) were incubated in Xenopus egg extracts for 30 minutes,
re-isolated, and resolved by SDS-PAGE. The input, control pull-down (with blank beads), and
biotin-dsDNA pull-down were analyzed by immunoblotting. (B) Beads conjugated with biotindsDNA were incubated in HeLa cell lysates for 30 minutes, re-isolated, and resolved by SDSPAGE. The input, control pull-down (with blank beads), and biotin-dsDNA pull-down were
analyzed by immunoblotting. (C) Kif2c was expressed with MBP-tag and purified on amylose
beads. As described in Materials and Methods, MBP-Kif2c or control beads were incubated in
Xenopus egg extracts supplemented with cut or uncut plasmid, re-isolated, and analyzed by
PCR and agarose gel electrophoresis/ethidium bromide staining. (D) As in panel C, beads
conjugated with Kif2c WT and ∆M (motor domain) were incubated in Xenopus egg extracts
supplemented with cut plasmid, re-isolated, and analyzed by PCR and agarose gel
electrophoresis. The ethidium bromide staining is shown in the upper panel, and
immunoblotting of MBP-Kif2c (WT and ∆M) is shown in the middle panel. The intensity of
PCR bands was quantified and normalized to MBP immunosignals for the relative DNA
binding affinity (lower panel). The mean values and standard deviations, calculated from three
independent experiments, are shown. (E) HeLa cells expressing GFP-Kif2c were subjected to
laser microirradiation as described in Materials and Methods. The fluorescent signal of GFP is
shown at the indicated time points. (F) The intensity of the GFP signal at laser-cut sites was
normalized to that outside of the laser-cut sites for the relative enrichment of GFP-Kif2c. The
mean values and standard deviations are shown (N=5).
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Figure 34. Recombinant Kif2c co-localized with DNA damage foci induced by IR.
HeLa cells expressing GFP-Kif2c were treated with 10 Gy IR, the fluorescent signal of GFP
and immunofluorescent signal of γ-H2AX are shown. Pre-extraction was performed by placing
the dish on ice for 5 min with 0.1% Triton X-100 in 10 mM HEPES (pH 7.4), 2 mM MgCl2, 100
mM KCl, and 1 mM EDTA.
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Figure 35. Endogenous Kif2c co-localized with DNA damage foci induced by IR.
HeLa cells were treated with 10 Gy IR, the immunofluorescent signals of Kif2c and γ-H2AX
are shown.
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In support of an important role of Kif2c in the DNA damage response, we
observed that Kif2c knockdown led to strong accumulation of endogenous DNA damage,
as indicated by γ-H2AX (Fig. 36A). Consistent induction of γ-H2AX was detected in
U2OS cells deleted of Kif2c using CRISPR-Cas9-mediated gene editing (Fig. 36B). As
expected, the re-expression of RNAi-resistant Kif2c rescued this phenotype (Fig. 36C).
By comparison, a G495A Kif2c mutant defective in ATP hydrolysis and MT
depolymerization, as characterized previously (170), was ineffective in suppressing
endogenous DNA damage caused by Kif2c knockdown (Fig. 36C), indicating that the
ATPase activity of Kif2c is required for its function in DNA repair. The Kwok laboratory
previously identified DHTP (((Z)-2-(4-((5-(4-chlorophenyl)-6-(isopropoxycarbonyl)-7methyl-3-oxo-3,5-dihydro-2H-thiazolo[3,2-a]pyrimidin-2-ylidene)methyl)phenoxy)acetic
acid)) as an allosteric inhibitor of Kif2c (171). Interestingly, DHTP treatment caused γH2AX accumulation (Fig. 36D). Although Kif2c also plays a role in mitosis (172), DHTP
induced γ-H2AX efficiently in interphase arrested cells (Fig. 36E), indicating that mitotic
defects are not the primary cause of DNA damage. Furthermore, Kif2c depletion
significantly enhanced the response of HeLa cells to cisplatin treatment, as judged by
both reduced cell viability and increased cell death (Fig. 36F & 36G). A similar effect was
confirmed also in SCC38 cells (Fig. 37), or in HeLa cells with DHTP treatment (Fig. 38).
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Figure 36. Kif2c suppression leads to accumulation of endogenous DNA damage and
DNA damage hypersensitivity.
(A) HeLa cells were treated with Kif2c siRNA for 1 and 3 days, and 1 or 2 Gy IR, as indicated.
These cells were then harvested and analyzed by immunoblotting. (B) Kif2c gene deletion
was carried out using the CRISPR-Cas9 technique in U2OS cells. Cell lysates were collected
and analyzed by immunoblotting. (C) HeLa cells were treated with control siRNA or Kif2c
siRNA and reconstituted with siRNA resistant GFP-Kif2c (WT or G495A), as indicated. Cell
lysates were harvested and analyzed by immunoblotting. (D) Asynchronized HeLa cells were
treated with 20 µM DHTP for 3 hr, as indicated. The cell lysates were analyzed by
immunoblotting. (E) HeLa cells were first synchronized at G1/S by thymidine-arrest, and then
treated with 10 µM DHTP for 3 hr. The cell lysates were analyzed by immunoblotting. (F)
HeLa cells were incubated in cisplatin (6.7 μM) and Kif2c siRNA, as indicated. The relative
cell viability was determined by normalizing the cell number to that of the first day. The mean
values and standard deviations, calculated from three independent experiments, are shown.
(G) HeLa cells were treated as in panel G for 2 days and measured by the trypan blue
exclusion assay for cell death. The mean values and standard deviations, calculated from
three independent experiments, are shown.
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Figure 37. Kif2c suppression leads to DNA damage hypersensitivity in SCC38 cells.
(A) Human head and neck cancer SCC38 cells were incubated in cisplatin (6.7 μM) and Kif2c
siRNA, as indicated. The relative cell viability was determined by normalizing the cell number
to that of the first day. The mean values and standard deviations, calculated from three
independent experiments, are shown. (B) SCC38 cells were treated as in panel A for 2 days
and measured by the trypan blue exclusion assay for cell death. The mean values and
standard deviations, calculated from three independent experiments, are shown.
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Figure 38. Kif2c inhibition by DHTP leads to DNA damage hypersensitivity.
HeLa cells were incubated in cisplatin (6.7 μM) and DHTP (10 μM), as indicated. The relative
cell viability was determined by normalizing the cell number to that of the first day. The mean
values and standard deviations, calculated from three independent experiments, are shown.
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To further assess the impact of Kif2c on DNA repair, the kinetics of γ-H2AX post
IR was probed in control and Kif2c depleted cells. Compared to the control HeLa cells,
those treated with Kif2c siRNA exhibited more sustained γ-H2AX (Fig. 39A & 39B). A
similar effect was also observed by comparing Kif2c KO U2OS cells to control U2OS
cells (Fig. 39C & 39D). Next, we sought to directly reveal the involvement of Kif2c in
specific DSB repair pathways. The repair activity of NHEJ and HR was measured using
a chromosomal, I-SceI-induced NHEJ assay and a chromosomal I-SceI-induced HR
reporter system, respectively (2) (Fig. 39E & 39F). Interestingly, Kif2c depletion reduced
both NHEJ and HR by 3-5 folds (Fig. 39E & 39F). Thus, the severity of repair deficiency
in both NHEJ and HR may account for the strong accumulation of DSBs in Kif2cdeficient cells.
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Figure 39. Kif2c is required for DNA double strand break repair.
(A, B) HeLa cells treated with control (A) or Kif2c siRNA (B) were irradiated with 4 Gy IR and
incubated as indicated. The cell lysates were analyzed by immunoblotting. (C, D) U2OS cells,
control (C) or Kif2c knockout (KO, D), were irradiated with 4 Gy IR, and incubated as
indicated. The cell lysates were analyzed by immunoblotting. (E, F) Chromosome-integrated,
I-SceI-induced NHEJ (E) or HR (F) reporter systems are illustrated in the upper panels. These
reporter cells were transfected with control or Kif2c siRNA. The repair efficiency, measured by
GFP expression in relative to β-actin expression, is shown. The mean values and standard
deviations, calculated from three independent experiments, are shown. Statistical significance
was analyzed using an unpaired 2-tailed Student’s t-test.
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It is very intriguing how Kif2c promotes DSB repair, given that Kif2c is unlikely to
function as a core factor for both NHEJ and HR. We speculated that Kif2c may function
in regulation of DSB dynamics in light of several existing findings. First, emerging
evidence in both yeast and mammalian cells indicated increased chromatin mobility at
sites of DNA DSBs (83,153,155,173-175), but the underlying mechanism is unknown.
Second, MTs are well known to support intracellular trafficking of proteins,
chromosomes, and other materials, and kinesins are known to produce mechanical work
from ATP hydrolysis (157-159). Recent studies showed that MT dynamics enhanced the
motion of chromatin, especially telomeres, in response to DNA damage (83,176). Third,
we showed that the MT depolymerase activity of Kif2c, driven by ATP hydrolysis, is
required for the prevention of γ-H2AX accumulation. To investigate this potential role of
Kif2c, mobilization of etoposide-induced DSBs, marked by GFP-53BP1 foci, was
quantified. We plotted the 3D trajectories of 100 randomly selected foci to illustrate the
distance traveled by these foci (Fig. 40A). We observed that Kif2c depletion, or chemical
inhibition of its ATPase activity, impaired the mobility of DSBs (Fig. 40B-40D). This effect
of Kif2c suppression was comparable to Taxol treatment which inhibits MT dynamics
and was previously shown to retard DSB movement (Fig. 40C & 40D) (83).
Formation of DNA damage foci is a signature feature of the DDR, but the precise
mechanism of this process is still unclear (177). We reasoned that DSB mobilization
allows the clustering of DSB ends, and subsequently, resulting in the formation of
macro-domains that are defined as repair centers and visualized as DNA damage foci.
In yeast cells, persistent DSBs roam within the nucleus to form these repair centers
(153,178). Mammalian DSBs were shown to travel for a similar distance (1-2 μM) as
yeast DSBs. However, due to a much larger volume of the mammalian nucleus,
mammalian DSBs do not roam within the nucleus, but join each other in close proximity
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(153,179,180). We analyzed the dynamics of DNA damage foci using high-resolution,
live-cell imaging (Fig. 40E). Interestingly, Kif2c depletion or pre-treatment with DHTP or
Taxol reduced the formation of DNA damage foci (Fig. 40F). Because the level of DNA
damage is rather elevated under Kif2c suppression (Fig. 39), this finding indicates that
the clustering of DSBs is at least partially dependent on Kif2c. To further assess the
impact of Kif2c on the dynamics of DNA damage foci, we first allowed the establishment
of DNA damage foci (Fig. 40G), and then challenged cells with DHTP or Taxol.
Interestingly, we observed that the occurrence of foci fusion, as well as foci dissolution
(disappearance), was profoundly influenced by Kif2c depletion or inhibition (Fig. 40H &
40I). Together, we showed that Kif2c mediates the formation and dynamics of DNA
damage foci.
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Figure 40. Kif2c mediates DNA double strand break mobility and foci dynamics.
(A) Examples of 10-min mobility traces of EGFP-53BP1 foci in U2OS cells after etoposide (20
μM) treatment. (B) Mean-square displacement of EGFP-53BP1 foci, as described in Materials
and Methods, was compared between WT and Kif2c KO U2OS cells. (C) Mean-square
displacement of EGFP-53BP1 foci was examined in Kif2c KO U2OS cells, or in U2OS cells
that were treated with the vehicle control (DMSO), Taxol (5 μM), or DHTP (20 μM). (D)
Diffusion coefficient of EGFP-53BP1 foci in the corresponding cells in B-C. (E) Examples of
disappearance (yellow arrowheads) and fusion (red circle) events of EGFP-53BP1 foci
induced by etoposide in U2OS cells. (F, G) Number of EGFP-53BP1 foci in Kif2c KO U2OS
cells, or U2OS cells treated with the vehicle control (DMSO), Taxol, or DHTP. These inhibitors
were added either before (F) or after (G) etoposide treatment. (H, I) Numbers of
disappearance (H) and fusion (I) events of EGFP-53BP1 foci in the corresponding cells in
panel G are shown. (Provided by Dr. Benjamin Kwok)
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Discussion
In this study we identified Kif2c as an abundant component of the DSB
repairosome in Xenopus egg extracts. Subsequently we showed in mammalian cells that
Kif2c is recruited to DNA damage sites and mediates DSB repair via both NHEJ and HR.
The function of Kif2c in DNA repair is largely unexpected given that MT assembly is
viewed as a cytoplasmic event. Thus, it remains to be clarified if the involvement of Kif2c
in DNA repair is related to its well-established function in modulating MT dynamics.
Notably, previous studies showed that MT poisons caused endogenous DNA damage
and reduced DNA repair (82-85). While cytoplasmic MTs can indirectly influence the
DDR, for example, via the intracellular tracking of repair factors (84), a direct
involvement of nuclear MT components in the DDR ought to be considered. This is
particularly relevant as many kinesins, including Kif2c, are present in the interphase
nucleus. Thus, with the characterization of Kif2c in DNA repair, an interesting future
direction is to investigate the potential involvement of other MT regulators in DNA repair.
While the core pathways of NHEJ and HR have been well studied, an emerging
topic of DNA repair lies in the spatiotemporal dynamics of DSBs (153-156). In particular,
clustering of DSB ends into “repair centers” has been observed for longer than a
decade; and the increased mobility of DSB ends within the nucleus has been reported in
yeast and mammalian cells (81,83,153,155,173-175,179). However, mechanistic
understandings of these phenomena are largely absent within the context of current
DDR regulators. Importantly, we revealed in this study that Kif2c promotes DSB mobility
and mediates the formation, dissolution, and fusion of DNA damage foci. Building on
these new findings, future investigations revealing detailed Kif2c function and regulation
will better define both the mechanistic foundation and functional impact of DSB
dynamics.
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DISCUSSION
Although we put forward new insights into the NHEJ pathway by both challenging
the canonical idea of NHEJ as an error-prone process and discovering novel regulators
and mechanisms of NHEJ, there are still unanswered questions to be addressed.
As shown in Chapter 1, the template with compatible ends was efficiently
repaired without end processing, in a manner that required the kinase activity of DNAPKcs rather than ATM, which was intriguing considering the current role of DNA-PKcs in
NHEJ. DNA-PKcs activity is known to govern neither the end-protection of Ku proteins
nor the activity of DNA ligase IV. Therefore, DNA-PKcs possibly relieves the physical
blockage of end-ligation by autophosphorylation (26,47,53). Further investigation needs
to demonstrate this possibility.
Also, our results indicated that ATM was required for the efficient repair of some
non-compatible ends without end processing by nucleases, suggesting its undiscovered
and uncharacterized role. Possibly, the explanation is that the fill-in process of end
nucleotides is directly or indirectly regulated by ATM. Future efforts shall be directed to
characterize ATM-dependent phosphorylation of DNA polymerase and other substrates
involved in end processing.
Previous studies indicated that DNA polymerases from the X family are
specialized in filling small DNA gaps during either NHEJ or base excision repair (BER)
(181). Eukaryotes harbor two specialized DNA polymerases including Pol μ and Pol λ in
NHEJ. Each polymerase is uniquely proficient in different contexts (108). Pol μ is mainly
specialized in the repair of DSBs with non-complementary ends, an extremely
complicated task given that the primer terminus to be extended and the template DNA
are not paired in this context. For Pol μ function, recent studies have identified two Pol μ
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mutations, G174S and R175H, and the mutations limit the efficiency of accurate NHEJ
both in vitro and in vivo (182). Pol λ is specialized in the repair of partially
complementary broken ends and it is uniquely accurate if the gaps to be filled have two
template nucleotides. The function of Pol λ in NHEJ has been characterized (115,183).
Pol λ interacted with several NHEJ proteins, including Ku70 and XRCC4/DNAL IV (184).
Also, Pol λ is able to perform alignment-based gap filling for NHEJ in human nuclear
extracts (183). The expression of an inactive form of Pol λ decreases the frequency of
NHEJ events (185).
Recent evidence indicated a direct or indirect relationship between Pol λ and
ATM. Proteomic studies showed Pol λ was phosphorylated by ATM when cells are
irradiated, suggesting as a substrate of ATM/ATR (186). They also identified Pol λ
Threonine 204 (T204) was phosphorylated by ATM and DNA-PKcs during NHEJ (187).
As known, phosphorylation of Pol λ at T204 is required for efficient gap-filling NHEJ
repair in vivo after IR. However, little mechanistic insight has been revealed with respect
to the regulation of the Pol λ activity during the repair process. This prompts us to
functionally define the ATM and DNA-PKcs-dependent phosphorylation of Pol λ.
To address these knowledge gaps, we will utilize both the established plasmidbased assay in Xenopus egg extract (Described in Chapter 1), and conventional human
cell system to address two key questions (1). Firstly, we will ask what is the mechanism
by which ATM and DNA-PKcs mediated phosphorylation controls the activity and action
of Pol λ? We will identify potential Pol λ sites that are phosphorylated by ATM both in
vitro and in vivo and determine how Pol λ polymerase activity is affected by ATM
phosphorylation. Then, we will ask if this phosphorylation of Pol λ has an impact on end
processing by sequencing the repair products. Lastly, we will measure the NHEJ
efficiency by counting the colony numbers to see if there is potential impact of Pol λ
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phosphorylation. This information will potentially reveal key insight into Pol λ regulation
in the NHEJ pathway.
Lastly, DSB templates generated by restriction endonucleases in our study only
represent a simplified situation in DSB repair in vitro. It cannot fully recapitulate the
repair process of complex DSBs induced by certain damage in the cell, including
oxidation and radiation. Although we acquired numerous information in end resection by
characterizing unique enzyme-induced ‘clean’ DSBs, there have been less studies that
directly assess the end resection at so-called ‘dirty’ DSBs. Therefore, future studies
should focus on investigating how the NHEJ machinery processes DSBs with complex
ends.
We will study the oxidative DSB repair in Xenopus egg extract specifically.
Firstly, we will induce oxidative DNA damage in vitro by treating plasmid DNA with H2O2
and ferritin which can amplify hydroxyl radicals through a Fenton reaction. The oxidativeinduced DNA damage can be monitored by DNA electrophoresis and immunoblotting
using a 8-oxo-7,8-dihydroguanine (8-oxo-G) antibody which can recognize the most
characterized form of oxidative DNA base damage. There are several questions we can
we can ask: how oxidative ssDNA or are DNA breaks are repaired? Which type of
oxidative DNA is responsible for checkpoint activation? Which concentration can induce
of apoptosis? To answer the first questions, different forms of DNA will be added to fresh
interphase Xenopus egg extracts and incubate for repair, and the presence of 8-oxo-G,
ssDNA, SSB and DSB will be monitored at various time points with 10 min intervals. The
presence of SSB and DSB can be detected by electrophoresis. Oxidative DNA bases
can be examined by dot-blotting using 8-oxo-G and ssDNA can be examined by
immunoblotting using ssDNA antibodies (Abcam). To answer the other questions,
various concentration of oxidative lesion (base damage, DSB and SSB) containing
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plasmid DNA will be added into interphase egg extracts, and phosphorylation of ATM
and ATM substrates (Kap1, Chk2) and phosphorylation of ATR and ATR substrates
(Chk1, Rad1) will be measured by immunoblotting. Also, we will use caspase-3 and parp
cleavage as markers to detect the induction of apoptosis, also the nuclear morphology
can be used to confirm the discovery.
In Chapter 2, although the results indicated that PP1 regulated the
phosphorylation and activation of DNA-PKcs, there are probably other phosphatases
that regulate phosphorylation sites. Previous studies noted that DNA-PKcs and/or the
DNA-PK complex interact with several protein phosphatases, including PP6 (121,188),
PP2A (188,189), and PP5 (122). PP6 depletion induces sensitivity to ionizing radiation
(IR), delayed release from the G2/M checkpoint, and sustained phosphorylation of γH2AX after DNA damage (188). Disruption of PP2A activity downregulates the activities
of Ku and DNA-PKcs, resulting in decreased DSB repair and increased genetic
instability (189). Protein phosphatase 5 (PP5) interacts with DNA–PKcs and
dephosphorylates at least two functional sites, including PQR and ABCDE cluster (190).
Our results indicated that PP6 exhibited the same pattern of association with DNA-PKcs
as PP1, whereas PP5 was associated exclusively with the C-terminal region.
Considering DNA-PKcs phosphorylation is regulated by distinct phosphatases, further
studies are required to elucidate how these phosphorylation clusters are differentially
dephosphorylated by various phosphatases. Unfortunately, presently the phosphospecific antibodies against these sites (except for PQR and ABCDE clusters) are
unavailable.
To address the possible dephosphorylation of these phosphorylation clusters by
various phosphatases including PP1, PP2A, PP5, and PP6, we will deplete each of
these phosphatases both in Xenopus egg extract and human cell lines and measure the

135

phosphorylation level of PQR and ABCDE clusters by immunoblotting with phosphoDNA Ser 2056 and phospho-DNA Thr 2609 antibodies. Again, if other commercial
phospho-specific antibodies of DNA-PKcs become available, we will assess these
specific phosphorylation sites.
Although PP1 is required for the kinase activation of DNA-PKcs, there is no direct
evidence to show how PP1 regulated the activation of DNA-PKcs. We reasoned that
PP1 dephosphorylated the N-terminal region of DNA-PKcs which contains
autophosphorylation residues that normally inactivate DNA-PKcs kinase activity. We
only showed PP1 interacted with N-terminal region by pull-down experiments both in
Xenopus egg extract and HeLa cell lysate. We will perform the phosphatase assay in
vitro to see if PP1 dephosphorylates the residues of the N-terminal region of DNA-PKcs
when a commercial phospho-DNA-PKcs antibody is generated or becomes
commercially available.
Furthermore, our results also showed that PNUTS participated in the DNA
damage response via modulation of PP1, which supported the role of PNUTS in
regulating NHEJ. However, our recent experiments suggested the additional role of
PNUTS in DNA damage repair, and the details of PNUTS function in DNA damage
repair needs further investigation.
To reveal novel functional insights into the role of PNUTS in the DNA damage
response a pull-down of PNUTS in Xenopus egg extracts was performed and analyzed
by Mass Spectrometry (Taplin Mass Spectrometry Facility, Harvard University).
Interestingly, numerous DNA repair proteins involved in BER, NER, MMR, SSB and DSB
repair associate with PNUTS, suggesting the direct involvement of PNUTS in the repair
of various DNA lesions. Our recent results show PNUTS is associated with Poly (ADPribose) polymerase 1 (PARP1) and regulates the repair of single-strand breaks (SSBs)
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in the base excision repair (BER) pathway. A previous study suggested a rapid
recruitment of PNUTS to damage sites (191), and our results indicated that this
recruitment is in a PARP1-dependent manner. PNUTS recruitment to the laser-induced
damage site was abolished with a PARP1 inhibitor.
Next, we can ask if PNUTS is involved in oxidative DNA damage repair. We will
deplete endogenous PNUTS or add recombinant PNUTS into Xenopus egg extract and
incubate oxidative DNA for repair. As described in above, different forms of oxidative
DNA will be added to in both PNUTS-depleted and PNUTS-overexpressed extracts and
incubate for repair, and the presence of 8-oxo-G, ssDNA, SSBs and DSBs will be
monitored at various time points with 10 min intervals by electrophoresis and
immunoblotting. Also, we have generated deletion mutants (N, M and C motifs) of
PNUTS and will evaluate for their association with the potential repair proteins by
immunoblotting based on our preliminary mass spectrometry data. If possible, further
truncations will be introduced for a finer mapping of the association domains. Upon
identification of the repair-association motif(s) in PNUTS, we will ask if disruption of the
association affects DNA repair. We will overexpress the repair-association motif and
express the PNUTS mutant without this motif and assess oxidative DNA repair
efficiency. Furthermore, we will study PNUTS involvement in checkpoint signaling, such
as phosphorylation of ATM, ATR, Chk1, and Chk2 to detect whether PNUTS
depletion/addition affect the repair of oxidative DNA damage in extract.
Interestingly, besides PNUTS, other PP1 interactors, including Repo-Man, KAP1,
BRCA1, and Retinoblastoma protein (pRb) have been previously characterized in
regulation of DNA damage response. Under normal condition, Repo-Man binds and
inhibits ATM by bringing it in proximity to PP1γ. Following DNA damage, Repo-Man
dissociates from ATM and activates ATM by facilitating autophosphorylation at Ser1981
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(192). Krüppel-associated box associated protein 1 (KAP1) was phosphorylated by ATM
at Ser 824 under DNA damage within heterochromatin regions. Recently, both PP1α and
PP1β regulated KAP1 dephosphorylation at Ser 824, while PP1α set the threshold for
the extent of ATM activity required to phosphorylate Ser 824, and PP1β was proposed to
be involved in the attenuation of KAP1-directed ATM activity (193). Although PP1 has a
prominent role in DDR regulation by the number of different PP1 interactors involved in
distinct pathways, and by the diversity and importance of proteins targeted by PP1, it is
not clear how the activity of PP1 is regulated to induce dynamic dephosphorylation
events following DNA damage. Thus, it is essential to analyze the precise mechanisms
of activation for PP1 as well as its substrate combination. Furthermore, due to lacking
strict substrate speciﬁcities in vitro and owning overlapping functions in most cases, only
a few reports have demonstrated the speciﬁc differences for PP1 isoforms. Indeed, more
work is required to understand the speciﬁc roles for distinct PP1 isoforms.
In this study, distinct phosphatases were reported to regulate DNA-PKcs at the
same phosphorylation cluster. However, the purpose of such multi-phosphatase
regulation is unclear. As described earlier, PP1 is not alone in regulating
dephosphorylation events in the DNA damage response. Other phosphatases such as
PP2A, PP5, PP6 are also implicated in the DDR, often playing apparently redundant
roles with PP1. Additional studies are required to delineate the respective roles and
degree of overlap of the different phosphatases implicated.
In Chapter 3, although we showed Kif2c is required for DNA double strand break
repair both in HR and NHEJ and mediated DNA double strand break mobility and foci
dynamics, there are still several unknown questions. What is the exact role of Kif2c in
DNA damage signaling? How does Kif2c regulated DSB mobility? Are there other MT
regulators involved DNA damage response?

138

To answer the first question, we will investigate if Kif2c is involved in DNA
damage signaling. The checkpoint signaling proteins, such as phosphorylation of ATM,
ATR, Chk1, and Chk2 will be assessed both in Kif2c depleted or overexpressed human
cell line. After that, we will find out which function domain of Kif2c is responsible for
functioning in DNA damage signaling. We will compare this functional domain with its
motor domain to see if there is an overlapping function between DNA damage response
and depolymerization of MT. Also, we will evaluate the functional domain to determine if
this is conserved in other kinesin proteins, especially other Kinesin-13 family members.
If Kif2c is involved in DNA damage signaling, we will ask how Kif2c affects the
signaling. Considering Kif2c is involved both in HR and NHEJ, we will investigate if Kif2c
regulates ATM and ATR activity after DNA damage. To determine ATM and ATR
activity, we will detect the auto-phosphorylation level of ATM, ATR both in Kif2c depleted
or overexpressed human cell line. If differences are observed, we will ask if Kif2c
functional domain is responsible for the activation of ATM and ATR.
Recent work has shown that histone modification can not only directly regulate
transcription, but also influence DNA metabolism such as DNA repair (194). In
eukaryotic cells, DNA repair occurs in the context of chromatin. The chromatin is a DNAprotein structure that exists as a repetition of the basic unit called the nucleosome. A
nucleosome is formed by an octamer of histones, containing two copies of each H2A,
H2B, H3 and H4, wrapped with 146bp of DNA. The chromatin is a dynamic structure that
regulates DNA accessibility during DNA-damage and DNA repair. Modulation of
chromatin compaction can be regulated by different processes including posttranslational histone modifications. Several histone modifications have been
demonstrated to be important in the DSB repair pathway. Methylation of histones H3K79
and H4K20 has been shown to help in the recruitment of repair factors at the DSB.
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Acetylation of histone H3K14, H3K23, H4K5, H4K8, H4K12 and H4K16 have been
shown to play a role in DSB repair (195).
To investigate the potential role of Kif2c regulation in histone modification, we will
start to investigate the histone methylation and acetylation level after Kif2c depletion or
overexpression in human cell lines after DNA damage induced by MMS.
To illustrate how Kif2c regulates DSB mobility, we will have a collaboration with
Dr. Benjamin Kwok who specializes in kinesin work in Canada.
In our proteomics analysis, we found other MT regulator proteins which are
possibly involved in DNA damage response. We will investigate if they play a role in the
DNA damage response. We will assess endogenous DNA damage after the knockout of
MT regulators by measuring γ-H2AX levels. Also, we will detect if there is
hypersensitivity to DNA damage reagents after the knockout of MT regulators. After
confirming the other MT regulators involvement in the DNA damage response, we will try
to find their interaction proteins by performing pull-down mass spectrometry. Finally, we
hope to discover the mechanism of how MT regulators function in the DNA damage
response.
While Chapters 1-3 represent independent lines of investigation, the results from
these three chapters address several fundamental questions in DNA DSB repair
together.
Firstly, we challenged the idea that NHEJ is an error-prone process. Recently,
emerging evidences have argued for the precision of the repair process of NHEJ. As
shown in one study, chromosomal DSBs with compatible ends were repaired by precise
end ligation predominantly (196). Our results showed that the repair of all compatible
DNA ends and some non-compatible ends yielded error-free repair products by

140

establishing an in vitro system in Xenopus egg extract, indicating that the NHEJ
machinery had a strong preference for precise repair without end resection, further
arguing for NHEJ as an error-prone repair mechanism (1). In Chapter 1, we
characterized a series of plasmid-based DSB templates that were repaired in Xenopus
egg extracts via the canonical, Ku-dependent NHEJ pathway. Plasmid DNA was
linearized by various restriction endonucleases to produce DSB templates with different
end structures, including blunt/3’-overhang, blunt/5’-overhang, 3’-overhang/5’-overhang,
3’-overhang/3’-overhang, and 5’-overhang/5’-overhang. In addition to measuring the
repair efficiency by counting colonies numbers, we isolated and sequenced
approximately 15 individual bacteria colonies to reveal how the DSB ends were
processed during DNA repair. As shown in our results, ATM was required for the
efficient repair of all non-compatible ends. Moreover, non-compatible ends with blunt/3’overhang, blunt/5’-overhang, and 3’-overhang/5’-overhang were predominantly repaired
with fill-in and ligation without the removal of end nucleotides. In contrast, 3’overhang/3’-overhang and 5’-overhang /5’overhang templates were processed by
resection of 3–5 bases and fill-in of 1–4 bases prior to end ligation. Therefore, the NHEJ
machinery strongly prefer precise repair, and neither non-compatible ends nor protruding
single strand DNA sufficiently warranted the action of nucleases. Furthermore, as
indicated in this study, when the dephosphorylation of the 5’-overhang/3’-overhang
template reduced the efficiency of DNA repair without increasing the risk of end
resection, the end protection via prompt end ligation is not the sole mechanism
suppressing the action of nucleases.
Secondly, we identified several novel DNA damage regulators with using an
unbiased proteomic approach. DNA-PKcs plays a key role in mediating non-homologous
end joining (NHEJ). The activation, function and dynamics of DNA-PKcs are regulated
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largely by its reversible phosphorylation at numerous residues, many of which are
targeted by DNA-PKcs itself. Interestingly, these DNA-PKcs phosphorylation sites
function in a distinct, and sometimes opposing manner, suggesting that they are
differentially regulated by complex actions of both kinases and phosphatases. In Chapter
2, we found PP1 and PNUTS associated with DSB template in Xenopus egg extract by
proteomic analysis. Furthermore, both PNUTS and PP1 were recruited to the laserinduced damage sites, implying they may play a role in DSB repair process. In this
study, the role of PP1 in the NHEJ pathway was investigated with the plasmid-based
DSB repair assay as described in Chapter 1. The efficiency of NHEJ was significantly
reduced with PP1 depletion in Xenopus egg extracts. Similarly, the downregulation of
PP1 caused a strong deficiency in DSB repair in human cells. Furthermore, our results
indicated that PP1 depletion didn’t impact NHEJ with DNA-PKcs inhibition. Therefore,
we speculated that PP1 may function by regulating DNA-PKcs. We expressed several
motifs of DNA-PKcs and found that PP1 bound with multiple motifs of DNA-PKcs,
including N-terminal region, PQR cluster, and ABCDE cluster. Interestingly, PQR cluster
auto-phosphorylation was lost with PP1 depletion. Meanwhile, ABCDE cluster
phosphorylation primarily mediated by ATM was elevated. Moreover, PP1 depletion
leads to DNA-PKcs inactivation after DNA damage, which implied that PP1 regulated
DNA-PKcs phosphorylation and was required for DNA-PKcs activation after DNA
damage.
In addition to PP1, PNUTS was also involved in DNA damage response and
repair. A PP1-binding deficient mutant of PNUTS exerted no influence on
phosphorylation event, indicating that PNUTS regulated DNA damage response via
PP1. PNUTS depletion also reduced NHEJ repair efficiency in both Xenopus egg
extracts and human cells. Based on its mass spectrometry results, we identified that
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PNUTS was associated with Ku70/80 heterodimer in both pull-down and
immunoprecipitation assay. Given the regulation of PP1 in DNA-PKcs activation and
phosphorylation, we determined that PNUTS depletion reduced both DNA-PKcs
phosphorylation at both PQR cluster and ABCDE cluster. Thus, for mediating NHEJ,
PNUTS and PP1 together ﬁne-tune the dynamic phosphorylation of DNA-PKcs after
DNA damage.
In addition to PP1 and PNUTS described in Chapter 2, we also identified Kif2c as
a new protein associated with DSBs in both Xenopus egg extracts and human cells in
Chapter 3. The deletion of Kif2c motor domain dramatically reduced the association
between Kif2c and cut-plasmid DNA in Xenopus egg extracts. In addition, Kif2c was
confirmed to be recruited to the laser-induced sites of DNA damage in human cells
within 1min, indicating that it was an early DNA damage protein. Then, we showed that
both endogenous and recombinant Kif2c co-localized with γ-H2AX foci after IR. To
determine the role of Kif2c in DNA damage response, we revealed that Kif2c depletion
led to a strong accumulation of endogenous DNA damage measured by γ-H2AX level
and DNA damage hypersensitivity. Moreover, Kif2c deletion by CRISPR-Cas9-mediated
gene editing or inhibition by DHTP caused γ-H2AX accumulation. Examined using the
chromosomal I-SceI-induced NHEJ assay and I-SceI-induced HR reporter system, the
repair efficiency of both NHEJ and HR was reduced with Kif2c depletion, indicating that
Kif2c facilitated DSB repair via both NHEJ and HR.
Collectively, our studies revealed new insights into DNA DSB repair, particularly
NHEJ. We characterized novel regulators of DSB repair, including PP1, PNUTS, and
Kif2c. The NHEJ is regulated by PP1 and PNUTS by regulation of activation and
phosphorylation of DNA-PKcs. Kif2c function in DNA damage repair was found and
reported in our studies, which was its debut in the field of DNA damage repair. It leads
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us to investigate other MT regulators in this process. Furthermore, our results suggested
a new Kif2c-dependent mechanism in regulation of DSB dynamics. Altogether, the work
presented in this dissertation delineate in depth mechanisms of DNA damage
responses.
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